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Abstract
Active modal control using distributed jet actuation and constant-gain velocity
feedback has been implemented on a three-stage axial compressor. The actuators consists
of a set of 24 three-hole injectors equally distributed around the compressor annulus at the
tip between the inlet guide vanes and the first rotor and blowing into the mid-span of the
annulus. Operating about a mean injection of 9.3% of the mass flow at stall through the
uncontrolled compressor and injecting in the direction of the flow, the downstream flow
coefficient at stall was reduced by 4.8% from the uncontrolled case with mean blowing
and 5.5% from the case without blowing.
A model of the system was setup that incorporates the Moore-Greitzer model of
the compressor coupled with a two-dimensional model of the injection process featuring
full mixing in the radial direction and a model of the dynamics of the external elements in
the control loop. The model was compared with experimental data and the following
observations were noted. The injection model was found to be inaccurate for the non-ideal
injectors used, which gave a significantly lower pressure rise. The net effect is a loss of
control power. After updating the injector model, the system model's dynamic behavior
compares well with system identification data in terms of predicting the movement trends
of the critical pole in a root locus plot, more accurately so for the first harmonic. Both the
model and system identification data indicate that active control drives the first harmonic
stall precursor pole toward higher frequency, hence stressing the system in terms of
actuator bandwidth. The model attributes this effect to the presence of the external
dynamics and predicts that failure to consider these dynamics leads to significant
overestimation of the performance of the closed-loop system.
However, the model fails to predict the cause of stall for the cases where
harmonics higher than one are controlled, for which the power spectral density of the
velocity field exhibits a high-amplitude low-frequency oscillation of unknown origin not
captured by the model and which could be related to the cause of stall.
Finally, active control was implemented with the injectors turned plus 18.2' and
minus 21.80 from the original direction to change the loading on the blade and hence the
pressure rise effect of the jet. However, there was no clear improvement the stall point.
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Cx axial velocity
D(s) feedback time lag transfer function
E anemometer output voltage
F(s) high pass filter transfer function
Gn(s) compressor transfer function
i 4-1
LuR Pressure loss across the rotors due to viscous losses
L s Pressure loss across the stators due to viscous losses
Lu steady-state pressure loss across the compressor from viscous losses
m hot-wire calibration constants
rh mass flow
n mode (harmonic) number
Pt total pressure
PR
Kn
s
Tm
Tf
t
U
u
ZOH(s)
static pressure
mean radius of the compressor
controller feedback gain
Laplace transform variable
measured torque
torque to overcome bearing friction
time
mean rotor blade velocity
flow speed
zeroth order hold transfer function
Greek Symbols
S1) blade exit metal angle,
2) injection angle in the annular plane w.r.t. axial direction
Pn controller feedback phase
y injection angle in the radial plane w.r.t. axial direction
YR rotor blade stagger angle
Ys stator blade stagger angle
nondimensional axial direction
71 hw nondimensional axial direction of hot-wires
0 angular position in radians
h rotor fluid inertia
Cp total fluid inertia in the compressor
Rc compressor fluid inertia (excluding g sGv)
p SGV inertia of the space between IGVs and 1st rotor face
p air density
G n growth rate of mode n
nondimensional time
local flow potential
axial flow coefficient
annulus averaged axial flow coefficient
nth spatial Fourier coefficient of flow coefficient disturbance 60
annulus averaged axial flow coefficient upstream of the jet actuator
Od annulus averaged axial flow coefficient downstream of the jet actuator
Ssteady-state total-to-static pressure rise coefficient
V, steady-state isentropic total-to-static pressure rise coefficient
a rate of rotor rotation
(On rate of rotation of mode n
Operator, Superscripts and Subscripts
6( . ) small perturbation of the argument
( ) spatial Fourier coefficient
( ') derivative with respect to nondimensionalized time,
( ) n nth mode version of argument
( .)* complex conjugate
( )r real part of argument
( . ), imaginary part of argument
( . )j pertaining to the injected jet
SI absolute value
Z(. ) phase angle (argument) of complex number
Re{ . } real part
Im{. } imaginary part
I summation
Acronyms
A/D analog to digital
DFT discrete Fourier transform
ID identification
IDFT inverse discrete Fourier transform
IGV inlet guide vanes
PID proportional-integral-derivative
SFC spatial Fourier coefficient
SGV servo (controlled) guide vanes
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Chapter 1: Introduction
1.1 Compressor Instabilities
As gas turbines have evolved over the last few decades to operate at greater
efficiencies, any further increase in efficiency has become harder and harder to obtain. Part
of the reason is that aerodynamic instabilities in the compressor, notably surge and
rotating stall, compel one to operate it, in many cases, away from the point of optimal
efficiency on the compressor pressure rise versus mass flow characteristic to avoid these
instabilities which are both detrimental to the engine's performance as well as to the
engine itself. The optimum operating point may lie too close to the edge of instability, and
a stall/surge margin of 10 to 20% in mass flow is usually left between the operating point
and the stall or surge point.
Surge is an axisymmetric oscillation of the flow in the compressor leading, in
severe cases, to reversed flow. Surge can overstress the blades as well as blow out the
flame in the combustor. Rotating stall is a circumferentially local disturbance of the flow
characterized by the formation of a cell of non-uniform velocity which rotates around the
annulus at a fraction of the rotor speed. Rotating stall must be avoided because it stresses
the compressor blades and can also induce surge. In addition, the detrimental effect of
rotating stall to the performance of the compressor is shown by the typical speedline in
figure 1.1. As the mass flow is decreased by closing the throttle, the compressor pressure
rises until point A, where it goes into rotating stall. The pressure suddenly drops to point
B which lies on the same throttle line. However, a hysterisis exists and rotating stall
persists while opening the throttle and the compressor only recovers at point C, where the
operating point jumps back to the original speedline along the new throttle line to point D.
In this case, point E would be the typical operating point, leaving a sufficient safety margin
against stall.
A' A E'
SEO
C
B- B
Mass Flow
Figure 1.1: Typical compressor characteristics with and without control.
(Haynes [4])
1.2 Previous Work
The purpose of active control is to stabilize the compressor and delay rotating
stall until point A' on figure 1.1, hence permitting safe operation at point E' and higher
pressure rise and possibly higher efficiency, yet preserving the same stall margin. Although
rotating stall can be delayed to a lower mass flow at the design stage through such
methods as casing treatment, this is often done at the expense of efficiency. The approach
here is to delay rotating stall using active control. This is based on the theory of small
amplitude rotating stall disturbances developed by Moore [1] and Moore and Greitzer [2],
which states that rotating stall grows from small rotating disturbances. Therefore, at stall
inception, small disturbance generators can be used to counter the effect of these pre-stall
disturbances and prevent their growth. In addition, the small disturbances allows for
linearization of the stall inception equations, whereupon the spatially periodic disturbance
can be decomposed into independent harmonics, or modes, which facilitate the task of
control.
This concept of modal rotating stall control has first been implemented successfully
by Paduano [3] on a single-stage axial compressor using a set of 12 independently
movable inlet guide vanes (SGVs) and proportional control, capable of controlling the first
3 harmonics. Paduano was able to extend the compressor's operating range by 23%.
Haynes [4] repeated Paduano's experiment on the MIT low-speed three-stage axial
compressor and was able to extend its operation range by 7.8% as shown in figure 1.2.
Van Schalkwyk [5] added inlet distortion to Haynes' experiment and extended the
operating range by 3.7% for an inlet distortion of 0.8 dynamic head covering 1800 of the
compressor annulus. Gysling [6] implemented a passive control scheme using tip air
injection actuated by pressure-sensitive reed valves on Paduano's apparatus and was able
to extend the compressor operating range by 10%. The axial compressor apparatus
mentioned above have each been sized so that the plenum downstream of the compressor
is small enough with respect to the upstream compressor ducting, i.e. small B parameter,
so that surge does not occur and one can concentrate on trying to control rotating stall.
1.3 Motivation
Hendricks and Gysling [7] performed a theoretical comparison of the effectiveness
of different sensor-actuator schemes in controlling rotating stall for the MIT Low Speed
Three-Stage Axial Compressor. The sensors studied were transducers for measuring static
and total pressures and velocity, and the conclusion was that velocity measurement is the
best choice for the system studied. Movable IGVs (or SGVs), upstream jets, upstream
intake ports and downstream bleeds were the actuation schemes considered. The results
are presented in figure 1.3 and figure 1.4. Figure 1.3 is a plot of the maximum attainable
compressor slope versus the feedback phase shift of the controller using jet injection and
control of the first harmonic. The area under the curve is called the "stability domain".
Figure 1.4 shows the predicted root locus of the critical pole with varying gain for several
actuation schemes. Based on these results, it was concluded that the upstream jets were
the optimum actuation scheme. They give the largest stability domain and the highest
damping and largest decrease in the rotational frequency of the disturbance. The last
observation is of practical importance since it sets the bandwidth requirement of the
actuators. The model used for the injection scheme assumes injection in the flow direction
and total mixing of the jet with the upstream flow by the time it reaches the compressor
face. To experimentally confirm these predictions, Diaz [8] designed a set of jet actuators
composed of twelve rotary valves and 24 three-hole injectors to be installed on the three-
stage compressor used by Haynes.
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Figure 1.2: Speedline of the MIT Three-Stage Low Speed Axial Compressor with
active control using Servo Guide Vanes actuators. (Haynes [4])
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1.4 Research Objectives
The objective of this research is to implement active control of rotating stall with
upstream jet actuators designed by Diaz on the three-stage low speed axial compressor
used by Haynes and Van Schalkwyk. The goals are to evaluate the effectiveness of the jet
actuators through constant gain control on undistorted flow and compare it with
theoretical predictions. At the same time, experimental data will be used to try to evaluate
the injection model.
This dissertation is structured as follows. Chapter 2 describes the MIT Low Speed
Three-Stage Axial Compressor apparatus, including the jet actuators, the instrumentation
and measurement techniques. Chapter 3 reviews the integration of the Moore-Greitzer
model of the compressor with the injection model as used by Hendricks and Gysling, but
puts it in the context of the compressor apparatus which includes the external dynamics of
the setup, and reevaluate Hendricks and Gysling's predictions as applied to this rig. In
addition, steady data will be used to evaluate, and update the injection model before
moving on. Chapter 4 assesses the model's accuracy in predicting the dynamic behavior of
the system by comparing its predictions of the location of poles and zeros with data
obtained from system identification. Chapter 5 presents the optimization of the controller
and the behavior and performance of the control without and with active control. Chapter
6 gives a brief description of the observations and results followed by some
recommendations for future work. Appendix A presents the results of a study to improve
the injectors to better conform to the total-mixing model. Appendix B describes the
calibration and characterization of the jet actuators. Appendix C keeps a record of the
experimental runs. Lastly, the rest of the experimental results are documented in appendix
D.
Chapter 2: Experimental Setup
The MIT three-stage low speed axial compressor used by Haynes and Van
Schalkwyk was modified to accommodate jet actuators in the place of the servo guide
vanes used previously. In this chapter, the experimental facility is described, starting with
the compressor facility itself, followed by the jet actuators, the instrumentation and data
acquisition and processing. Subsequently, the measurement techniques to calibrate the
transducers and determine desired quantities will be discussed. The chapter ends with an
integral view of the closed-loop system.
2.1 Low Speed Three-Stage Compressor Facility
The MIT Three-Stage Low Speed Axial Compressor used in this research was
designed by Pratt & Whitney as a research compressor. After its transfer to its present
location at the MIT Turbine Laboratory, it was used by Eastland [9] to study rotating stall
performance, then by Gamache [10] to look at reverse flow characteristics and Gamier
[11] to investigate rotating stall inception. Haynes [4] gives a more detailed insight into
the history and blading design of the compressor facility. Active control was first
implemented on this rig by Haynes using twelve independent servo guide vanes equally
distributed around an actuator ring, sandwiched between the IGV blade row and the first
rotor of the compressor. Van Schalkwyk added an extension to the compressor inlet to
accommodate a slowly rotating distortion screen. Although the distortion screen was not
present for this project, the distortion screen support, which is a very coarse screen,
remained in the duct. The actuator ring was modified for the installation of jet actuators
for this project. It must be noted that the compressor had to be disassembled to remove
and remachine the actuator ring and then reassembled. Thus, the distribution of
compressor tip clearances may have been slightly changed. Moreover, the slight protrusion
of the jet injectors creates wakes, resulting in a loss of pressure rise. The compressor
characteristics have changed and therefore had to be remeasured. The layout of the
compressor rig is shown in figure 2.1.
The compressor is a high hub-to-tip ratio three-stage axial compressor with an
operating speed of 2400 rpm. The compressor specifications are summarized in table 2.1.
Figure 2.2 illustrates in detail the actuator/compressor setup. A manifold connected to 100
psig compressed air line feeds the jet actuators. As depicted in figure 2.1, the air exiting
the compressor enters a small annular exhaust plenum and passed through a conical valve
used as the throttle and into a large dump plenum. The air subsequently traverses several
screens before going through an orifice plate, used for downstream mass flow
measurement, and exiting outdoors via an exhaust fan. The exhaust fan was locked during
the experimental runs in this project.
Figure 2.1: Schematic of the MIT Three-Stage Compressor apparatus.
(Van Schalkwyk [5])
2.2 Jet Actuators
For active control with jet actuation, the servo guide vanes used by Haynes were
replaced by twelve jet actuators designed by Diaz [8], each consisting of a valve and two
injectors. The new actuator ring is shown in figure 2.2. Each jet actuator consists of a
valve and two "shower head" injectors. The valve is mounted on the actuator ring, its
bottom surfaces pressing down on the O-rings on injectors' flanges and sealing the air
flow paths. A more detailed description of the valve and injectors follows.
No. of
Blades
Chord
(mm)
Camber
(deg)
Stagger
(deg)
Tip
Clearance
(mm)
Leading
edge
blade
angle
(deg)
Trailing
edge
blade
angle
(deg)
IGV 125 20.1 11.0 8.1 0.0 10.0
IGV-R1 gap 100.2
Rotor 1 (R1) 54 45.2 17.0 42.8 0.97 50.0 41.0
R1-S1 gap 20.0
Stator 1 (S1) 85 31.4 27.0 11.0 0.81 18.0 -1.0
S1-R2 gap 20.0
Rotor 2 (R2) 55 44.8 18.0 43.5 0.94 54.5 36.5
R2-S2 gap 20.0
Stator 2 (S2) 85 31.3 25.0 12.0 0.94 27.5 2.5
S2-R3 gap 20.0
Rotor 3 (R3) 49 50.7 20.0 44.6 0.89 58.0 38.0
R3-S3 gap 18.0
Stator 3 (S3) 90 31.4 53.0 5.5 0.86 36.5 -17.0
Tip Diameter (mm)
Hub-to-tip ratio
Design average reaction
: 610 mm
:0.88
: 0.75
Table 2.1: MIT Three-Stage Axial Compressor parameters. Measurements were made by
Gamache [10].
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Figure 2.2: Front and side views of the compressor, actuator ring and upstream
duct. (Diaz[8] and Van Schalkwyk [5])
2.2.1 Valve
The valve used to modulate the injected air was designed to use Haynes' servo
motors. The motors are Pacific Scientific 4VM62-220-1 permanent magnet servo motors
with a moment of inertia of 3.8x10 -6 kg-m2 . Diaz uses the slit cut in the shaft for the SGV
supports as a regulating valve. The valve block, made of aluminum, is shown in figure 2.3.
The air enters the center hole into a small cylindrical chamber for mixing before traversing
the motor valve shaft. It then goes into another small chamber which mixes and separates
the flow equally between two passages, each leading to an injector. A filter material has
been placed with a bend at the entrance of the mixing chamber to help equalize the flow
between the two injectors to within 5%.
Figure 2.3: Valve block of jet actuator. (Diaz [8])
All twelve valves were characterized in terms of mass flow versus motor shaft
position and the methodology and results are given in appendix B. The valve
characteristics were obtained with a feed pressure of 100 psig. However, during operation
with 12 operating valves the feed pressure drops to about 80 psig. To correct for this, the
valve characteristics were normalized with respect to feed temperature and pressure.
However, the presence of the filter screen in the valve block may make the normalization
method less accurate. By subtracting the mass flow measurement upstream of the actuator
ring from the downstream one while running the compressor with steady injection, the
mass flow output of the valve was estimated to be within 8% of the commanded value.
2.2.2 Injector
The injectors are of "shower head" type with a 12% protrusion into the
compressor flow with respect to the annulus height. As shown in figure 2.4, each injector
has three 3/16" diameter holes pointed 300 into to flow and 300 from each other. The
objective is to maximize mixing between the jet and the upstream flow to obtain as
uniform a velocity profile as possible at the first rotor face, thereby matching the injection
model as closely as possible. Figure 2.5 shows the velocity profile at the compressor face
(axial location of first rotor) for one actuator (two injectors) for an injected mass flow of
14.8% (using twelve actuators) of the compressor mass flow at stall, as tested in a wind
tunnel. Diaz provides great detail on the steady and dynamic behavior of the three-hole
injectors, including the circumferential modal content of 24 such injectors used to inject
waves of first, second and third spatial harmonics. Since the velocity profile of the three-
hole injector is not perfectly uniform, an attempt was made to improve on the design
using, among other things, a five-hole and a slot injector configuration. The results are
shown in appendix A. The three-hole configuration remains the best selection in term of
uniformity of velocity profile.
2.3 Instrumentation
The basic quantities measured on this rig are velocity, pressure, temperature,
torque and rotational speed. Figure 2.6 indicates the location of the velocity and pressure
SrrrAn a
Figure 2.4: Jet actuator design. (Diaz [8])
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Figure 2.5: Velocity profile at axial location of first rotor for steady injection at
14.8 % of mass flow through compressor at stall, using two three-hole
injectors.
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probes using an unwrapped compressor annulus. In addition, a torque and rpm transducer
are located at the compressor inlet and pressure ports are also provided at the dump
plenum and across the orifice plate.
2.3.1 Velocity Measurement
A set of 16 equally spaced hot-wires are placed around the sensor ring, located at
a distance of 0.6 times the mean compressor radius upstream of the first rotor face. The
Dantec 55-P11 hot-wire probes have a 20 gm tungsten wire of 1.2 mm in length, placed
at the mid-span of the annulus, which is the most effective location for detecting stall
precursors as reported by Haynes. A set 16 anemometers, each comprised of a Dantec
56C17 CTA Bridge and a 56C01 CTA Unit, provides the output. The hot-wires were
calibrated at the beginning each experiment session. The anemometer output voltage (E)
in volts is related to the velocity measured (V) by King's Law :
E2=Ao+AIVm , (2.1)
where the constants Ao, A, and m are obtained from the calibration. The accuracy
of the measurement of velocity perturbations about a mean value is estimated at ±0.1 m/s.
2.3.2 Pressure Measurement
Steady pressure measurements were taken by a Scanivalve SSS-48C unit which
can scan 48 pressure ports. Although it could step through 8 ports per second, a stepping
rate of 3 ports/sec was used to allow the pressure to settle before reading. The Scanivalve
was used to record the total and static pressure at the ports indicated in figure 2.6, as well
as the pressure in the dump plenum and across the orifice plate. These pressures were used
to calibrate the hot-wires and obtain speedlines. The pressures measured are accurate to
within 16 Pascals or approximately 1% of the peak total-to-static pressure rise of the
compressor without injection. However, during a run, the "noise" in the flow can
introduce an error of up to ± 75 Pa or 1.7 % of peak pressure rise. An SDIU MK3
interface unit controlled the stepping of the Scanivalve, converted its output into
KiloPascal, and transmitted the data to a personal computer via an IEEE bus. A MKS
Baratron unit was also used to measure the pressure across the orifice plate. It is accurate
to within 0.2 Pa.
Unsteady pressure measurements were made primarily across the orifice plate to
determine the mass flow through the compressor, which includes the injected flow. The
unsteady manifold pressure was measured and used to correct the valves' openings for
changes in the feed pressure when operating the jet actuators. The former measurement
was made with the MKS Baratron, while the latter was done with an Omega 0-100 psig
pressure transducer. Both output in volts were read into the computer via an A/D board.
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2.3.3 Temperature Measurement
The only important temperature measurement is the ambient pressure, which is
used to calculate the air density. It was read off a mercury thermometer at the start of each
hot-wire calibration run and at the beginning and end of each experimental run. The
accuracy is ± 0.05 0 C. The manifold and bearing temperatures were monitored visually
with Omega type K thermocouples and displays. The pressurized air temperature in the
manifold did not vary enough ( 5F ) during a run to necessitate correction in the valves'
openings.
2.3.4 Torque and RPM Measurement
A Lebow 1105H-5K slip ring torque sensor is installed on the compressor drive
shaft. A Lebow 7530-100 signal conditioning unit provides the output in Volts. The
accuracy is ± 1 lb-in. or 0.14% of the operating torque. A 60 tooth gear and magnetic pick
up is provided with the torquemeter to permit rotational frequency measurement via a
frequency counter with an accuracy of ± 1 rpm.
2.4 Data Acquisition and Processing
2.4.1 Filters
Each hot-wire signal is low-pass filtered with a four-pole Frequency Devices
744PL-4 Bessel filter with a cutoff frequency of 200 Hz to attenuate the blade passing
frequency and high frequency noises.
Since each hot-wire drifts a different rates, an imaginary spatial distortion could be
measured and cause the controller to introduce a real distortion in closed-loop operation.
Therefore a digital first order Butterworth high pass-filter of 0.1 Hz cutoff was
implemented in the computer software to remove the drift in each hot-wire signal before
processing the data.
Bessel low-pass filters were used as anti-aliasing filters for the signals from the
torquemeter, throttle, manifold pressure transducer and the Baratron.
2.4.2 A/D and D/A
An Analogic HSDAS-16 A/D converter with an AMUX-64-X 64 channel
multiplexer was used to read the low-pass-filtered hot-wire signals, the throttle position,
the signals from the Baratron and manifold pressure transducer, and the system
identification input. The A/D samples at 500 Hz and makes 16-bit conversions of 0 to 5V
signals for 32 channels. This gives a resolution of 7.6x10 -5 Volts which translates into a
resolution of approximately 0.01 m/s on the hot-wire readings , 0.0008% opening on the
throttle, 0.1 Pa on the Baratron and 0.003 psi on the manifold pressure.
An eight-channel Datel D/A board provided output to a oscilloscope or spectral
analyzer, in real time, the variation of spatial Fourier coefficients (SFC) of harmonics 0 to
3 computed from the hot-wire signals. This was used, among other things, to tune the
controller, on line, during early closed-loop control experiments.
2.4.3 Computer Hardware and Software
Two personal computers were used for data acquisition, processing and control. A
16 MHz Hewlett Packard RS-20 80386-based microcomputer was used to take the steady
data, which consisted of pressure readings for the hot-wires calibration runs and the
compressor speedlines, by interacting with the Scanivalve via the SDIU interface unit..
During calibration runs, this computer recorded the pressures, did some basic data
reduction and sent the results via serial line to a 120 MHz Industrial Computer Source
Pentium PC for hot-wire curve fitting. The Pentium PC reads all the unsteady data via
the A/D card. It processes all the data and performs the closed-loop control and outputs
the commands to the jet actuators. It contains four Galil DMC-430 servo motion control
boards, each being a control unit for three servo motors. The DMC-430 boards monitor
the motors' positions with optical encoders placed on each motor shaft and move the
motors to the commanded positions by sending out ± 10 Volts current commands to a set
of 12 amplifiers which power the servo motors.
The data acquisition code for calibration and speedlines pressure measurement was
rewritten from the previous VAX Fortran code into C to be used with the RS-20 PC and
the newly acquired SDIU Scanivalve interface unit. The code for the control PC for
processing and curve fitting the hot-wire data was updated from Van Schalkwyk. The
code for closed-loop control and system identification was rewritten in C by Jonathan
Protz. It allowed change in control parameters on line during a run as well as outputs the
variation of the spatial Fourier coefficients in real time using the D/A card mentioned in
section 2.4.2.
2.5 Measurement Techniques
2.5.1 Hot-Wire Calibration
The hot-wires were calibrated by running the compressor at 2400 rpm, 1800 rpm,
1400 rpm and 700 rpm, setting the throttle at different values at each speed, and recording
and averaging out 5000 samples for the signal from each hot-wire. The axial velocity
against which the hot-wires signals are plotted and fitted is computed from the static and
total pressures measured at the bellmouth. Both pressures are averaged out from four
circumferential locations. Due to the growth in the boundary layer between the axial
locations of the static pressure probes and that of the hot-wires, the mid-span velocity felt
by the hot-wires is actually about 1 m/s above that obtained upstream as indicated by the
eight pitot-static probes at the hot-wire locations. However, these probes also indicated a
1 to 2 m/s circumferential distortion of the axial velocity at that location due perhaps to
non-uniform tip clearance. Hence, the supposedly more uniform upstream mid-span
velocity was used as reference. (Note that this did not really affect the control since the
hot-wire calibration curves around the stall point were quite linear and only the velocity
disturbance about a mean value mattered for control ).
2.5.2 Flow Coefficient Determination
Due the addition of mass by injection and the uncertainty in the mass flow
characteristics of the valve at feed pressures other than 100 psig, the orifice plate is the
most reliable way available on this rig to determine the downstream flow coefficient. The
formulation used is as follows,
m(P ) (2.2)
pAU
where : downstream flow coefficient
Pop : Pressure across orifice plate
m(Pop ): mass flow through the orifice plate as a function of the
pressure across the orifice plate ( Gamache [10] )
p : ambient air density
A : compressor annulus area
U : compressor wheel speed at mean radius
During a run the aerodynamic noise in the compressor gives an error in the
measurement of 0 of ±0.001 close to the stall point as verified experimentally by taking
several continuous measurements at the same rpm and throttle point.
To determine the stall point 8 to 30 seconds of stall inception data is taken. The
pressure across the orifice plate is measured as the throttle is closed at about 0.03%
throttle per second or approximately 0.0001 in 0 per second. With the rpm right before
stall recorded visually to within ± 1 rpm, the 0(time) calculated is low-pass filtered in
Matlab in the data analysis and averaged over the first 0.33 seconds of the last 0.5 seconds
before stall to determine 0stl . For the experiments performed, Ostall was found to be
repeatable to within +0.0015, often within ±0.001.
2.5.3 Actual and Ideal Pressure Rise Calculation
The actual non-dimensional total-to-static pressure rise across the compressor (T)
is obtained by:
Pdownstream - Pupstream
U (2.3)
where Po,,,,,: Averaged pressure from 8 wall static pressure taps at
the exit of the compressor
P,,'st : Average total pressure from 8 pitot/static tube place at
mid-span at axial location of hot-wires
The speedline close to stall was obtained by letting the HP RS-20 PC take data
continuously as the throttle is closed slowly as described in 2.5.2. The outliers and post-
stall points are subsequently eliminated during the data analysis. A curve fit was performed
to help determine the slope of the characteristics at stall.
The non-dimensional ideal pressure rise (rVi) was calculated using the measure
torque (Tm) minus the torque spent to overcome the bearing friction (Tf) :
Tm - T.
T= -T (2.4)pU 2AR
where R is the mean radius of the compressor.
However, since the compressor was only operated at one particular speed, Tf
should be constant. Moreover, as shown in chapter 3, only D, /a is used in the model
such that one can remove Tf in equation (2.4).
2.6 System View of the Actively Controlled Compressor
This section integrates all the elements described above into a system that
participate in the control loop. The control loop starts with the hot-wires whose signals
are output from the anemometers, low-pass filtered by the Bessel filters and read by the
control PC through the A/D. The computer high-pass filters the 16 signals and multiples
them by a Discrete Fourier Transform (DFT) to obtain the SFC for first, second and third
harmonics. Each harmonic is multiplied by the appropriate compensator, which consist of
a gain and a spatial phase shift. The resulting three signals are multiplied by a the Inverse
Discrete Fourier Transform (IDFT) , resulting in 12 actuator commands which are sent
through the DMC-430 cards and the servo amplifiers to the 12 servo motors, whose
positions are continuously monitored by the DMC-430 cards through the optical encoders.
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Chapter 3: System Modeling and Theoretical Predictions
In this chapter, we shall present the theory behind active control of rotating stall
with air injection. Section 3.1 describes the model of the fluid system which combines the
injection model with the Moore-Greitzer model for the compressor, culminating in the
model used by Hendricks and Gysling. Section 3.2 models the external dynamics
associated with the feedback delay, filters, A/D and the actuators. Section 3.3 gives
numerical values to the parameters used in the model. It also checks the injection model
results against steady measurements. Finally, section 3.4 presents the results of the model,
mainly the optimization of the controller and the predicted cause of stall.
3.1 Fluid System Model
3.1.1 Assumptions
The simplified representation of the compressor and injection for modeling and
analysis required several assumptions to be made. Figure 3.1 illustrates the fluid system,
which incorporates the compressor and the injectors positioned between the IGVs and the
first rotor and injecting at the circumferential flow angle o. Figure 3.2 depicts the model of
the compression system shown in figure 3.1. With reference to this schematic, the
following assumptions are made about the general fluid system, most of which were
mentioned and elaborated upon by Haynes:
1) Two-dimensional flow field upstream throughout. This assumption is justified by
the high hub-to-tip ratio (0.88) and constant annulus area of the three-stage
compressor.
2) Incompressible flow . In this case, the mean span blade mach number is 0.21. Thus
compressibility effects can be neglected.
3) Inviscid flow in the upstream and downstream flow fields.
4) Gravity effects on flow are negligible, since the length scales are so small that
pressure variations due to gravity are insignificant.
5) Uniform and irrotational flow far upstream.
6) Negligible surge dynamics due to the low B parameter (between 0.16 and 0.21) of
the rig.
7) Inlet and exit ducts are long enough to allow annular pressure disturbances to die
out. The unobstructed upstream duct length of the compressor from the IGVs to
the distortion screen support is 2.30 times the mean compressor radius and the
downstream duct (excluding exhaust plenum, see figure 2.1) is 1.42 compressor
radii in length. This assumption is important in applying the Moore-Greitzer model
to the compression system.
8) Annular static pressure disturbances in the exit duct are small such that the
downstream flow field equation can be linearized.
9) Velocity perturbations are small. Velocity perturbation amplitude in the in the pre-
stall waves are on the order of 1.5 m/s or 5% of the mean flow velocity. Thus, the
linearized model of the compressor can be used for analysis and control.
Referring to the side view of the compression system in figures 3.1 and 3.2, the
following modeling assumptions for the injection process are made:
1) The discrete injectors are equivalent to a circumferentially continuous injector
placed at the tip and upstream of the IGVs. The modeled injector injects axially in
the circumferential plane (top view) and inward in the radial plane at an angle (y)
with equivalent axial momentum addition to the real injector. The modeled injector
can also put in perfect annular sine wave disturbances. Diaz gave an indication of
how close the set of 24 injectors comes to satisfying the latter assumption.
2) The static pressure is radially uniform and the upstream flow velocity is radially
uniform and purely axial at station 1 and i, implying inviscid flow between these
stations.
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Figure 3.1: Side and top views of fluid system (not to scale)
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Figure 3.2: Model of the fluid system. Injectors are "smeared out" into an equi-
valent circumferentially continuous injector with the same total area Aj
~ -- ~---
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3) The injected jet has uniform velocity and the same density as the upstream flow.
4) Total mixing occurs between station i and station 2 such that the static pressure is
radially uniform and the velocity is radially uniform and purely axial at station 2.
5) Actuation disturbances are small. The modal mass perturbation amplitudes introdu-
ced during control at stall inception was no more than 2.5% of the compressor
flow in amplitude such that the non-linear effects of injection can be neglected.
6) The actuator ring can be reduced to a actuator disk with infinitesimal thickness
placed in front of the compressor. The fluid inertia associated with the air in the
relatively thin actuator ring between the IGVs and the first rotor is incorporated
into that of the compressor.
Last but not least, in addition to the assumptions on the upstream and downstream
flow field the compressor model relies on the two other assumptions:
1) The compressor behaves as a semi-actuator disk with infinitesimal thickness and a
finite fluid inertia to model the effect of unsteady flow on pressure rise. This
assumption is possible if the modal circumferential disturbance are of long scale,
which is the case here. Unsteady pressure losses due viscosity are also
incorporated in the same manner as used by Haynes and Hendricks and Gysling.
2) The compressor exit flow angle is constant. As mentioned by Haynes, the
deviation effects on the last stator row is very small such that this assumption
should hold.
3.1.2 Notation
This section presents an overview of the variables and parameters used in modeling
the compression system. It concludes with the linearization and Fourier transform
procedures used in the model. Figure 3.3 shows the final compression system model with
the basic variables.
All variables used are nondimensionalized with respect to the following
parameters:
R: mid-blade span radius of the compressor.
U: mid-blade span velocity of the compressor.
p: ambient air density.
Lengths and velocity are nondimensionalized with R and U, respectively, while
time and pressure are nondimensionalized with the combinations R/U and pU2,
respectively.
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Figure 3.3: Unwrapped view of the final model of the compression and spatial
coordinates system. The model only incorporates the space between
station 0 and station 4.
Referring to Figure 3.3, the nondimensional space variables are 1r, which indicates
the axial position, defined to be zero at the actuator/compressor combination and positive
downstream, and 0, the angular position in radians along the circumference starting at the
top of the compressor. The nondimensional time is denoted as ..
The flow in the system is described by five dependent variables defined as follows:
Ps(ri,0,) : local static pressure
Pt(1r,0, ) : local total pressure
#((i,0, ) : nondimensional local flow potential (flow potential/UR)
((1T,0,) : local flow coefficient (axial velocity/U)
Oj('T,, ) : local jet flow coefficient (average nozzle exit jet velocity/U)
The parameters describing the actuator ring and compressor are the pressure rises,
viscous losses and the inertia of the fluid in the blades rows, which are described by the
following variables and parameters:
ta(,4j) : nondimensional steady-state total-to-static pressure rise
across the actuator ring, (Ps,2 -Pt,1)/ PU 2
WOi() nondimensional ideal total-to-static pressure rise across the
compressor, based on the nondimensional torque output,
Tm, and the blade exit angle C3 of the last stator:
( Tm 2 (1- tan2 s) (3.1)
T 2
Lu(o) nondimensional steady-state viscous pressure loss across
the compressor, defined as:
Ls,ss() : nondimensional steady-state viscous pressure loss across
the stators, obtained from:
Ls,, () = (1- r)Lu ) (3.2)
where r = average reaction of the compressor
LR,ss(O) : nondimensional steady-state viscous pressure loss across
the rotors.
LR,ss ()= rL () (3.3)
Nc(o ) : nondimensional steady-state total-to-static pressure rise
across the compressor, (Ps,3 -Pt,2)/ U2 :
Oc(#) = V(O) - Lr,ss(O) - Ls,ss( )
4~,) : nondimensional steady-state total-to-static pressure rise
across the compressor and actuator ring, (Ps,3 -Pt,1)/ pU2 :
N(0,4) = /a(O, J) +X/c())
nondimensional rotor fluid inertia, defined as the flow path
length through the compressor rotors at the mid-span.
Mathematically, letting br and ys be the nondimensional
mid-span rotor blade chord and stagger angle, respectively,
then
X= I (br/cos(ys))
g : nondimensional fluid inertia of the compressor, including all
rotors and stators as well as IGVs and the adjacent annular
space in the actuator ring
ts : nondimensional time lag associated with the unsteady
viscous losses in the stators
TR nondimensional time lag associated with the unsteady
viscous losses in the rotors
Tlhw nondimensional axial location of the hot-wire probes
The flow equations were linearized by letting an unsteady quantity be the sum of a
steady (mean) part and unsteady (oscillatory) part, e:.g. 0 = +& , where the unsteady
oscillation is assumed small. The mean and oscillatory parts of each variable are
substituted in the equations and the higher order terms involving the unsteady parts are
neglected, and the steady part of the equations removed. One is then left with the
linearized equations in terms of the unsteady perturbations. The perturbation of the
dependent variables can be written as the sum of partial derivative of the variable with
respect to the independent variables times the perturbation in the respective independent
variables, e.g. s8=(I/aO)) ) + (W/a0j)aj .
Lastly, the linearized differential equations can be solved by transforming them into
the spatial Fourier domain using the Fourier Transform in the form used by Paduano and
Haynes. For example, the Fourier Transform for 0 is,
-= 2 (O )e inedo
with the inverse Fourier transform defined as O(0)= Re[<e"], where the
n>0
asterisk indicates the complex conjugate. It is easier to work with this form of the Fourier
Transform because one only needs to deal with the positive frequencies (n>O).
3.1.3 Injection model
Based on the assumptions about the injection process, one can perform the mass
and axial momentum balance across the injection zone form stations 1 to 2 as indicated in
Figure 3.4 with a control volume analysis to obtain expressions for the mass increase and
the pressure rise across the jet actuator.
station Q 0 0
Figure 3.4: Control volume analysis of the modeled jet actuator
From station 1 to station i :
Continuity : puA, = pu, A
1 1
Bernouilli : P +- pu 2 = p +pu 12 2
(3.4)
(3.5)
From station i to station 2 :
Continuity : pu 2A = puj cosaA + puiA (3.6)
Ti-momentum : (P - P2)A = -pu,2 A - pu,2 cos 2 aA, cosy + pu 2 2A (3.7)
Ajl
Combining equations (3.4) through (3.7), then simplifying, nondimensionalizing
and linearizing the resulting two equations for mass flow and pressure rise gives:
A.
802 = 01 +( 'COs0080i (3.8)A
Pt2 - 8PI
2 = -(M0 2 + NO, cos()& 2 - (N0 2 - R4 1 cos()cos(8Oj (3.9)pU2
-cosy
where M A (3.10)
1- 'cs
A
A Ai
N - 2 (3.11)
A
R - (2cosy + N) (3.12)
A
3.1.4 Compressor Model
The Moore-Greitzer model with unsteady losses is used to describe the three-stage
compressor. The model consists of a local pressure balance across the compressor taking
into account the ideal pressure rise of the compressor and the viscous losses in the rotors
and stators as well as the fluid inertia in the blade passages. Two additional equations
account for the time lag associated with the viscous losses. This model has been
extensively described and derived by Paduano [3] and Haynes [4] as well as by Hendricks
and Gysling [7]. Therefore, only the linearized results are given here.
-P -8pt2 LuR -68L - k 2D 8 2 , (3.13)
pU 2 d4 a O
Is (8Ls dLsss 02 - SLus (3.14)
a4 do
(a (8_LuR ) a (8LuR ) dLR,ss -L (3.15)tRR +  - §- 2 -LuR 
04 00 do
where Lus and LuR are the instantaneous (unsteady) viscous pressure loss across
the stators and rotors, respectively. Lastly, mass conservation across the compressor and
the infinitesimal compressor thickness from the semi-actuator disk assumption implies that
60,3 2 "
3.1.5. Upstream and Downstream Flow Fields
As derived by Paduano [3], the upstream flow field was assumed to be
incompressible, inviscid and irrotational such that a nondimensional velocity potential Ou
exist, obeying V2 = 0 and 0u = au / Irl, or in linearized form:
V2 (80u)= 0 (3.16)
=60 ( ) (3.17)
At station 1, one has 0 1 = (rl = 0). In addition, applying the linearized
nondimensional unsteady Bernouilli equation, one gets:
6 t, -a(8(j) (3.18)
pU 2  a4 1=0
Downstream of the compressor, the incompressible and inviscid (not irrotational)
flow field, with the assumption of constant exit flow angle at the last stator, can be
described by the linearized Euler equation along the axial location:
(6Pd/pU2) _ )(&td) (3.19)
0-la
At station 3, one has 80 2 = 3 = 0d (1 = 0) and 8P,3 Psd (1 =0) . In
addition, since the static pressure disturbances of the higher (i.e. non-surge) modes decay
downstream as mentioned by Paduano [3], Pd obeys the Laplace equation:
V2 (6Pd /pU 2 )=0 (3.20)
3.1.6 Injector/Compressor /Flow Fields Integration
The above equations will now be combined, transformed into the Fourier domain
and solved to give a transfer function from the input disturbance amplitude 84 to the
perturbation amplitude 80 at the hot-wire location for each mode.
First, one combines the actuator and compressor by adding equation (3.9) to
equation (3.13) and substituting P, / pU 2 with equation (3.18) to obtain:
0 = ) + uX 2-Y j - 6LuR - xL s - 2
Sdo us aO pU
2
(3.21)
where X - M 2 + Nj coso (3.22)
Y (N- 2 - R4O cosa)cosx (3.23)
To solve equation (3.21), one looks for a solution to the upstream and
downstream flow fields. In the upstream zone, the boundary conditions state that the
velocity disturbances start at the actuator/compressor (i]=0) and die out at the inlet (l--- -
oo). Similarly in the downstream flow, pressure disturbances die out at (7--* +oo). In
addition, the flow quantities are periodic in 0. Therefore, the solutions to equations (3.16)
and (3.20) are, respectively:
8 1, = ReAn*( )eeO"e } (3.24)
n>0
8Psd = Re8P3dn
n>0
where A,(() anc
(3.25)
d ' 3dn( ) are time-dependent spatial Fourier coefficients.
Substituting equation (3.24) in equation (3.17), one gets:
u JC Re n* ()en( -lhw )einO}
n>0
A = 
n e- n 
w
n
where n is the velocity coefficient SFC at the hot-wires' axial location. The
above Fourier expansions applied to the pertinent flow
actuator/compressor (11=0) leads to:
80= j Re jn* ()e'in
n>0
d = Re> n*( )e - n(TI+hw) +
L n>O= Re{Lus* ()}
8LUs = Re I s,,* ()ene I
n>O
6LuR = ReLuRn (n)e }
n>0
AiA Cosa in ()ene (3.29)
(3.30)
(3.31)
If one substitutes the above Fourier expansions into equations (3.14), (3.15),
(3.19) and (3.21) and consider each mode n separately, as mathematically permitted by the
linearity assumption, one gets, after simplification, three ordinary differential equations for
n , LuSn and LuRn
(3.26)
(3.27)
quantities at the
(3.28)
* ()e - n in
, I
- e"w Lusn - e " w Rn jn + enT, d - X + in A cosa - Y in
-enw I -- cos
n A
.I- dLs sehw
"r sLus" n do e-"~
I dLR s e
,R~U n 
= d e-nn
(dLsss A i
- URin + ( A )O
(1- in' R)LURn + dLR,ss jn(~ do A )f
where k - - +
n
n>O
Moreover, the delay due the convection time lag of the jet from the valve slit to the
compressor face can be modeled as a first order lag:
,a (60 jc -Ij (3.35)
where 0jc and ' a are commanded injection amplitude and the convection time lag
constant, respectively. Using the earlier Fourier decomposition, this equation reduces to:
(3.36)
Finally, the temporal Laplace transform of equations (3.32) to (3.34) and (3.36) is
taken and the four equation can be solved to give the desired transfer function:
C LuRj  C LuS jG' s + H-
1- in R +'oRs 1+' sS
SC LR C LUs,
1 -in R+ Rs 1+ S
k n = ( ,- X + in n
(3.32)
(3.33)
(3.34)
(3.37)
) n
To jcn = jic -0 in
,(s)c (S)
dLRss e, w
where LuR dL -n
do
dL,ss AJ
LR cos U
-d o A
L S,ss e-n hwLUs=- do
dLss AC
d A
A' - X + ink
nq di 
- X+ink Acosa 
- Y
k do A
nT hw
C-:
k
- e "lw (1 ) osa
3.2 Modeling of External Dynamics
The theoretical study by Hendricks and Gysling [7] employs a direct feedback on
the compressor model derived above. However, to better predict the performance of air
injection actuation in practice, one must incorporate all the dynamics associated with the
external equipment and devices present in the closed-loop system. In this case, the
pertinent external dynamics are the feedback time delay, the high-pass filters, the sample
and hold dynamics of the discrete control process and the actuator dynamics. These
external dynamics, with the exception of the high-pass filter, were modeled in detail by
Haynes [4], although some aspects are modified here to account for changes in the system.
3.2.1 Feedback Time Delay
The total feedback time delay from the velocity disturbance at the compressor face
to the commanded actuation sent to the servo motors can be lumped and modeled by a
pure time delay. As mentioned by Haynes, the convection of the disturbance from the
compressor face to the hot-wires at sound speed is 0.498 msec. The delay from the hot-
wire/anemometer can be neglected due to its bandwidth of 50 kHz. The 200 Hz anti-
aliasing filters' time delay can be estimated at 0.34 msec. Last but not least, the time delay
associated with the data processing in the new control computer can be estimated at 0.15
msec. The total time delay is thus about 0.988 msec or in nondimensional term, xt =0.248.
The first order linear approximation to the pure time delay approximation is:
- t's
D(s) = 2 (3.38)
1+'t s2
3.2.2 High-Pass Filter
Although the Bessel anti-aliasing filters can be ignored in the modeling because of
their high cut-off frequency (200 Hz), the digital 0.1 Hz cutoff high pass filter must be
modeled. The first order Butterworth high-pass filter is implemented in the computer
software and can be modeled as:
F(s) = s (3.39)S 27fR
s+
U
where f is the cutoff frequency and equals 0.1 Hz in the experiments.
3.2.3 Sample and Hold Dynamics
The sample and hold dynamics of the discrete-time control system was modeled in
continuous time by Haynes as:
ZOH(s) = 1 (3.40)
1+ TS s
2
where ", has a value of 0.503 corresponding to a sampling rate of 500 Hz.
3.2.4 Actuator Dynamics
The actuator dynamics incorporates the dynamics from the commanded to actual
servo motor position. This was measured by a commanding a frequency sweep on each
actuator with the air turned on to simulate actual run conditions and computing the
transfer function from the commanded and actual servo motor position data, as shown is
figure 3.5. The results for the other motors are given in appendix B. The best fitted
transfer function is also shown in figure 3.5 and its non-dimensional form is:
(s + 1.1934)(s + 0.3869 ± iO.3443)(s - 3.2229 ± il.8607)
(s + 0.1824 ± i0.2933)(s + 1.5971 ± i3.0352Xs + 3.2229 ± il.8607)
3.3 Quantification of Parameters
The measured compressor characteristics and inertias based on geometry are
presented in this section. Subsequently, the theoretical and measured effect of the injection
on the actuator/compressor pressure rise are presented for comparison.
3.3.1 Compressor Parameters
The following is list the main compressor parameters and their values, including
the actual and isentropic base speedlines (without blowing). The compressor's base
speedline, including the portion in the unstable operating zone, (Od < 0.458) has been
estimated by the following method. First, sthe speedlines at zeros and three blowing
levels(with control) are recorded, as illustred in figure 3.6. Second, a curve fit is made on
the base speedline, and the difference in pressure between each of the points with #d
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10 1013.5: Actuator transfer function (solid line) and fit (dashed line)
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Figure 3.5: Actuator transfer function (solid line) and fit (dashed line)
>0.458 on the higher curves and the base speedline is the pressure rise due to jet injection,
which is plotted for the three blowing cases in figure 3.8. The correlated pressure rise due
to the jet is subtracted from each of the points on the higher curves with 0d < 0.458 to
obtain the estimated base speedline in the unstable zone, marked by squares in figure 3.6.
Finally, a fit is made of the entire extended base speedline as shown in figure 3.6.
= -9.92220 2 + 9.2018 - 1.1310 (0.443 4 0.528) (3.42)
0.1173
i = -0.54670 2 - 1.63284 - 2.0400 + 0.1173 (0.458 0.528) (3.43)
r =0.75
X = 0.6787
g = 1.2937
Shw = -0.6034
Figure 3.7 shows the measured and fitted isentropic and base speedlines of the
compressor and the deduced viscous loss line.
3.3.2 Theoretical Injection Parameters
The following are the physical parameters associated with the injection:
a = 8.2'
y = 37.9o
= 0.0197
A
a = 0.6132
The area ratio (A,/A) and the circumferential injection angle a are obtained from
the injectors' hole area and exit blade angle of the IGVs, respectively. The equivalent
radial injection angle y was set to give the same momentum addition as the three-hole
injector. The lag parameter Ta was calculated based on the actuator time lag reported by
Diaz [8]. Using the above values, the pressure rise predicted by the total mixing model for
various mean injection rates are plotted versus experimental measurements in Figure 3.8.
3.3.3 Experimental Injection Parameters
Figure 3.8 shows that the total mixing model does not predict the pressure rise for
injection properly. The pressure rise from the injection decreases as the throttle closes,
contrary to the model's prediction. This implies a loss in the effective gain of the control
scheme. To maximize the accuracy of the stall predictions, a curve fit was made using the
data, as shown in figure 3.8, to obtain an empirical relation for the pressure rise due to
injection, which is presented as follows:
P -P2 -tl a_ 2 + b4 + c4j 2
pU2
+d02 +eo 22 (3.44)
where: a = 0.0119
b = -0.0259
c = 0.0429
d = 0.0001
e = -0.0002
Thus, equation (3.9) should be replaced by the linearized version of equation
(3.44), which is:
)62 +(c0 2 +b+2a-j) iPt2 - Pt = (2e2 +d+ c-jpU
Consequently, equations (3.22) and (3.23), which define the parameters X
for the model , should be modified to give:
X --(2e0 2 +d+ c j)
Y -(c2 + b+2aP1 )
(3.45)
and Y
(3.46)
(3.47)
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Figure 3.6: Actuator/compressor characteristics at several mean injection rates
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3.4 Theoretical Predictions
Using the new empirical injection model, the model of the compression system
including external dynamics can be used to predict the stall point and, consequently, to
predict the optimum gain and phase of the controller for each mode, as well as to plot the
root locus to predict dynamic behavior of the system and the cause of stall.
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3.4.1 Controller optimization
To obtain the theoretical optimal controller gain and phase for each harmonic at a
particular mean injection rate, the model is used to predict the downstream flow
coefficients and slopes of the speedline at stall over the domain of operational controller
gains and phases. The results are plotted in figures 3.9, 3.10 and 3.11 for harmonics 1 to
3, respectively, for a mean injection of 0.02 kg/s per valve, or 9.3% of the flow through
the compressor at stall without blowing.
According to these figures, the predicted optimum controller gains and phases for
the first three harmonics are [-0.0025,-0.0070,-0.0070] and [-70,-145,145] for which the
stall flow coefficient through the compressor for harmonic 1 to 3 would be 0.425, 0.413
and 0.392.
3.4.2 Sources of Stall
Using the theoretical optimal controller gains and phases, the first harmonic is the
limiting harmonic, since it stalls first as the throttle is closed. To find the cause of stall,
one should look at the root locus of the compression system for the first harmonic as the
gain is increased (figure 3.12) and as the throttle is closed (figure 3.13). Figure 3.12 shows
that as the feedback gain increases, the disturbance pole is damped. However, after a
certain gain value, the damping effects of the disturbance pole gives way to increases in
rotational frequency. This increase in the rotational frequency is not desirable because it
stresses the system in terms of the operating frequency of the actuators, possibly resulting
in problems associated with bandwidth limitations. In addition, the conjugate pole nearby
associated with the actuator dynamics becomes less and less damped. Figure 3.13 shows
that at the optimum feedback gain, as the throttle is closing, the two poles above moves
toward each other to form two branches, ones of which stalls at about the uncontrolled
disturbance traveling speed of 0.33 times the rotor speed.
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Figure 3.9: Theoretical optimization of harmonic 1 controller. The controller
is optimized at a gain of -0.0025 and phase of -70' for which the
predicted stall point has qd = 0.425 and a characteristic slope
of 0.8605.
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Figure 3.11: Theoretical optimization of harmonic 3 controller. The controller
is optimized at a gain of -0.0060 (limit used) and phase of 140'
for which the predicted stall point has qd = 0.396 and a
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3.4.3 Effects of External Dynamics and Real Injection Characteristics
The theoretical study by Hendricks and Gysling, which predicted the superior
performance of the jet injector relative to other actuators, used the total mixing injection
model and did not consider the external dynamics in the control loop. To get an idea of
how much the external dynamics and real characteristics of injection affects the
performance of the closed loop system, the computations done in sections 3.4.1 and 3.4.2
were repeated without external dynamics and using the ideal injection model. The
controller optimization plots, as shown in figures 3.14 to 3.16, show that harmonic 1 can
be controlled to a much lower flow coefficient so that the second or third harmonic is the
limiting harmonic. An interesting point to note is that in the presence of external dynamics,
there is an optimum gain for control of harmonic 1 as shown in figure 3.9, which is
consistent with the earlier observation that past a certain gain, the damping of the first
harmonic critical pole no longer increases with increasing gain as shown in figure 3.12.
Consequently, harmonic 1 is the limiting harmonic . On the other hand, in the absence of
external dynamics, figure 3.14 shows that the only limit to the control of harmonic 1 is the
allowable gain. Moreover, comparing figures 3.14 to 3.16 with figures 3.9 to 3.11, it is
noted that the stability domain is larger in the ideal case than in the real system.
Figure 3.17 separates the effect of non-ideal injection external dynamics by
showing the stall flow coefficient and slope of the first harmonic using the optimized or
maximum allowable controller gain and varying the feedback phase, in the same format as
figure 1.1 by Hendricks and Gysling, for the cases of ideal system (no external dynamics
and ideal injection), no external dynamics with non-ideal injection, and real system (with
external dynamics and non-ideal injection). The curves for the first two cases confirm that
the main effect of non-ideal injection is the reduction in the effective gain of the controller,
whereas the external dynamics has a more dramatic effect on both the stall point and the
shape. It must be noted that the in these curves only apply to the first harmonic. In the
cases where external dynamics are absent, the system can stall earlier than these curve
predict due to the second or third harmonic. In addition, the idealized curve has a smaller
stability domain than the curve presented in figure 1.1. Some possible explanations for
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the discrepancy follows. First, the curve given in figure 1.1 was for an actuator bandwidth
of five times the rotor frequency, whereas in the present case, the actuator bandwidth is
only around 2.75 times the rotor frequency. Hendricks and Gysling [7] showed that a
reduction in actuator bandwidth decreases the phase margin of the system signitficantly,
which explains the much narrower curves in figure 3.17. Second, as shown in figure 3.14,
the limit in the feedback gain affects the height of the curves for the system without
external dynamics in figure 3.17 significantly. In practice, the feedback gain is limited due
to the noise in the system, which have been observed to cause the saturation of some
actuators at gains above -0.005 in magnitude. The smaller gain used here may thus explain
the difference in attainable slope at stall. Last but not least, other factors contributing to
the difference in the ideal curve of figure 3.17 with that of Hendricks and Gysling may
include the difference in the compressor speedline used and the difference in the lag term
"a associated with the convective delay of the jet. Through calculations, r a was
observed to affect the width and height of the idealized curve in figure 3.17.
It can thus be concluded that the idealized system model used by Hendricks and
Gysling overestimates the performance of the closed-loop system with jet actuator. The
compounded effect of non-ideal mixing of the injected jet with upstream jet and the
external dynamics reduces the performance of the closed-loop system significantly.
Chapter 4: System Characterization
The purpose of this chapter is to verify the accuracy of the model derived in
Chapter 3 for the compression system by examining the dynamic behavior of the model
with respect to that of the system. This is done by comparing the theoretical root locus of
the system in both open-loop and closed-loop configurations with that obtained from
fitting measured transfer functions of the system.
4.1 Identification Methodology
The system identification runs were performed with an input temporal frequency
sweep on the amplitude of a stationary spatial cosine injection wave for one harmonic at a
time. The temporal variation of the SFC, in the form of the coefficient of the spatial cosine
and sine wave, of the corresponding harmonics are computed from the hot-wire
measurements.
The output of the system should contain both positive and negative frequencies
which represents clockwise and counter clockwise rotational disturbances. In the
identification method used, a transfer function valid for positive and negative frequencies
can be obtained by the following combinations:
G(o) = Gcoscos (o) + iGcos-sin (0)
(o > 0) (4.1)
G(-O) = G*cos-cos (0() + iG*cos-(sin (0)
where o : temporal frequency of sweep
GCoscos (C): measured transfer function from the amplitude of the
cosine velocity disturbance input to the amplitude of
the cosine velocity disturbance measured by the hot-
wires
Gcossin (co): measured transfer function from the amplitude of the
cosine velocity disturbance input to the amplitude of
the sine velocity disturbance measured by the hot-
wires
( )* : complex conjugate
The coherence of the total transfer function G was taken as the average of the
coherence of the transfer functions Gcoscos and Gcossln
System identification was done first for the open-loop case by closing the throttle.,
and subsequently, for the closed-loop configuration with varying throttle, varying gain and
varying phase. Each system identification run incorporates approximately four logarithmic
or linear sweeps of eight seconds from 0 to 80 or 100 Hz. The transfer functions were
computed over the frequency domain of interest and fitted using Matlab with the
coherence used as a weight factor in the fit. The measured transfer functions and fits are
presented in appendix D. The poles and zeros derived from the fitted transfer functions are
plotted along side the theoretical poles and zeros calculated for the same operating
conditions using the system's model with empirical injection coefficients.
Two main difficulties arose in implementing the above procedure. First, there was
a lot of noise in this system, perhaps due to the three-dimensional nature of the actual
injection, such that relatively large amplitude disturbances had to be put in to obtain
reasonable coherence in the output signal. Moreover, as shown in the plots in appendix D,
another consequence of the noise is the limited frequency range over which the coherence
is acceptable. In response, the frequency sweeps were set so as to best capture the pole
associated with the main rotating disturbance leading to rotating stall and consequently,
the measured transfer function could not capture with any confidence highly damped poles
and poles far in frequency from the disturbance poles. Consequently, boxes with dotted
sides are placed in the root locus plots in this chapter to indicate poles that, based on
looking at the fit and the coherence in the area of the poles, can be trusted. Poles that are
associated with the stall precursor are enclosed by a box with solid line. Second, the
transfer function fit by Matlab is not highly accurate for very damped poles. To account
for this, arrows with appropriate length may be placed on the fitted poles in the root locus
to correct the pole location for the fit error judging from looking at the transfer function
fits in appendix D. Hence, when comparing poles from system identification with theory,
one should only look the poles in the boxes and consider their accompanying arrow(s), if
any, to account for transfer function fitting errors. Finally, the large arrows close to
groups of poles indicate the direction of closing throttle, increasing gain or decreasing
phase, depending on the root locus plot under consideration.
4.2 Open-Loop System Characterization
The open-loop system dynamics is presented here as the variation of the poles' and
zeros' locations with throttle setting (i.e. mean downstream flow coefficient) for each
harmonic. The root locus of the system with respect to the throttle setting are presented in
figures 4.1 through 4.3, for harmonics 1 through 3, respectively. Judging from the plots,
the model seems to predict the poles associated with the rotating stall precursor quite well
in terms of rotational frequencies, which are approximately, 0.3, 0.8 and 1.4 times rotor
frequency for harmonic 1, 2 and 3, respectively, if less so in terms of damping. The model
appears to give a more conservative estimate in terms of damping of the stall precursor
pole. The system identification also confirm the presence of a nonminimum phase zero,
which is beyond the scale of the real axis plot for harmonic 2 and 3. However, as shown
in figure 4.1, the identified zero's location does not match the model's prediction.
4.3 Closed-Loop System Characterization
The next step in the verification of the model is to compare its prediction of the
closed-loop dynamics with identified dynamics by looking at the displacement of the poles
and zeros with variation in the throttle, the feedback gain and phase of the controller. The
results for the first three harmonics are presented in figures 4.4 through 4.12. For root
loci where either the feedback gain or phase was varied, the flow coefficient was kept as
close to the same as possible from one run to another, as shown by the data in appendix D.
The average flow coefficient of the runs for each root locus plot is shown on the plot in
figure 4.7 to 4.11.
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The closed-loop root locus with throttle variation, illustrated in figures 4.4 to 4.6,
shows again, that the models captures the stall precursor pole well in terms of rotational
frequency for the first three harmonics, but still underestimates its damping.
The roots loci with respect to feedback gain for the first two harmonics are shown
in figure 4.7 and 4.8. The equivalent plot for harmonic 3 is not presented because of bad
transfer function fits. For harmonic 1, the general trajectory of the precursor pole is fairly
accurately predicted, confirming the fact that active control moves the first harmonic
precursor pole into the undesirable zone of higher frequency. However, it is observed that
the model's pole reaches maximum damping at a gain between -0.002 and -0.003,
consistent with the optimum predicted gain in Chapter 3, whereas the corresponding
identified pole's damping peaks at a gain of about -0.005. As for harmonic 2, figure 4.8
shows that the increase in damping of the precursor pole with gain is lower than that
predicted by the model. These two observations suggest that the predicted optimum gain
should be questioned and that some sort of empirical tuning of the controller's gain should
be performed.
Similarly, the root loci with respect to the controller phase, depicted in figure 4.9
through figure 4.11 for the first three harmonic, shows that although the model predicts
the general trajectory of the precursor pole with regard to phase change in the feedback
correctly, the error in the prediction of its position is larger than that for the case of
varying gain. Moreover, there are unfortunately not enough points to assess whether the
shape of the trajectory of the precursor pole matches the theory enough to ascertain the
theoretical optimal phase.
Last but not least, the models' predictions of the other poles should be discussed.
According to the coherence, distribution of the fits in appendix D, the system ID for
harmonic 1 is the only one that can be trusted for low frequency poles and zeros. Looking
at figure 4.4, 4.7 and 4.9, one sees however that the model is quite off in the prediction of
the position and trajectory of the negative rotating pole located in the area of -0. 15-i0.4.
Moreover, the model predicts a pole in the area of -0.15+i0.1 that is not seen in the
system. In addition, the identified nonminimum phase zero is again off from the model's
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predictions. On the other hand, the model fails to see the fitted conjugate poles that are
located at about -0.2+il.8. Although these poles are more damped that the stall precursor
pole, their presence and location can affect the root locus of the system and the fact that
the model does not predict them accurately could affect the model's accuracy in predicting
the trajectory of the critical pole.
4.4 Summary of Observations
Based on the above discussion, one can concludes that the model is qualitatively
accurate in terms of predicting the dynamic behavior associated with the stall precursor
pole, which according to theory is still the critical pole leading to stall. In this respect, the
model can be useful for designing compensators for countering undesirable effects such as
the migration of the first harmonic precursor pole into the high frequency zone. However,
the fact that the model overestimates the damping of the critical pole suggests that the
actual compressor will stall at a higher flow coefficient than predicted by the model. In
addition, the root loci with respect to gain and phase suggests, that some type of empirical
tuning of the feedback controller is required because the model cannot be relied upon in a
quantitative manner to predict the optimum gain and phase.
Chapter 5: Active Control of Compressor
In this chapter, the performance of the three-stage compressor under closed-loop
active control with jet actuators is discussed. The results include not only the speedlines
with the stall flow coefficients and slopes, but also the behavior of the flow field
immediately prior to stall through the time evolution of the SFC and power spectral
density (PSD) of the first three harmonics. The PSD plots account for the exponential
upstream decay of the modal disturbances due to the location of the hot-wires and gives
the magnitude of the PSD at the first rotor, for the purpose of comparing the PSDs of
different harmonics. The use of jet actuators gives the possibility of considering the flow
coefficient upstream (4,) or downstream (0d) of the injectors. In this case, one should
consider the total mass flow through the compressor in order make comparisons with the
no-blowing case. Therefore, unless otherwise indicated, the flow coefficient refers to that
based on the mass flow downstream of the actuator ring .
Section 5.1 establishes the reference case by presenting the behavior of the open-
loop compressor with and without mean blowing. As suggested by the observations in
chapter 4, section 5.2 describes and presents the results of an experimental optimization of
the constant-gain feedback controller for the first three harmonics. The results are
compared to that of the model. The closed-loop performance of the compressor with the
optimized controller is discussed in section 5.3. To be sure all options with the given jet
actuators have been explored, the active control were also performed with the jet
actuators turned clockwise (injection against rotor rotation) and counter clockwise
(injection with rotor rotation). The results in these two alternate configurations appear in
sections 5.4 and 5.5, respectively.
5.1 Compressor Performance Without Control
The three-stage compressor system was run and stalled in the open-loop
configuration both with and without mean blowing to establish reference cases against
which the closed-loop performance of the compressor can be compared. Although the
steady nominal operating range of each valve is 0.015 to 0.040 kg/s at 100 psig feed
pressure, when all twelve actuators are operating, the feed pressure can drop significantly
depending on the mean blowing level, due to the limited capacity of the supply
compressor. Consequently, a mean blowing level of 0.020 kg/s (or 9.3% of the
compressor mass flow at stall with no blowing) was selected which causes the manifold
pressure to drop to about 80 psig, giving an unsteady operating range between 0.012 and
0.032 kg/s. The speedlines of the compressor with no blowing and with 0.020 kg/s/valve
mean blowing are shown in figure 5.1.
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Without blowing, the compressor stalls at a flow coefficient of 0.458 and slope of
0.050, compared to 0.456 and 0.1527, respectively, predicted by the compressor model.
With mean blowing, rotating stall occurs at a flow coefficient 0.455 and a slope of 0.183.
The model predicts a flow coefficient and slope at stall of 0.461 and 0.1461, respectively,
using the empirical injection model, and 0.454 and 0.1507, respectively, using the total
mixing model. Thus, as predicted by the theory, mean blowing does not affect the stall
point of the compressor significantly, although the total mixing model seems to predict the
no-control stall point more accurately. However, the empirical injection model gives a
more conservative estimate.
To analyze the accuracy of the theory in predicting the dynamics of the system,
one can, in addition to system identification, look at the stall inception flow field, which
incorporates in this system about 40 rotor revolutions prior to stall. More specifically, one
can look at hot-wire traces, from which, the time evolution of the spatial Fourier
coefficient (SFC) and the power spectral density (PSD) are calculated and plotted for
each harmonic. These plots are presented in figures 5.2 through 5.6 for the baseline case
and in figures 5.7 through 5.11 for the mean blowing case. The hot-wires traces in figures
5.2 and 5.7 shows the strong presence of the first spatial harmonic in the stall precursor
of both cases. The subsequent SFC plots in figures 5.3 and 5.8 confirms this observation
by showing that the first harmonic clearly dominates in magnitude and the phase plot
shows that it rotates steadily before the 2nd and 3rd harmonic at 0.32 times rotor
revolution (o), judging from the slope of the phase plot. Similarly, the PSD plots in
figures 5.4 through 5.6 and 5.9 through 5.11 show a first harmonic disturbance at
o)=0.32o growing into stall, and nothing visible in the second and third harmonic. This
observation agrees with the model and system ID data.
5.2 Experimental Controller Optimization
Based on the conclusions of chapter 4, the constant gain controller for each
harmonic was experimentally optimized. Although a spectral analyzer permitted viewing
the PSD of each harmonic in real time, it proved hard to optimized the second and third
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ill
harmonic this way because, as will be shown, the optimal peak on the plot of stall flow
coefficient with respect to the feedback gain and phase is less pronounced for the second
and third harmonics than it is in the case of the first harmonic. The first few control
experiments and the closed-loop system identifications were performed using the
parameters obtained from this type of optimization.
Therefore, the only certain way of finding the optimum controller parameters is to
stall the compressor for different feedback gains and phases and find the minimum stall
flow coefficient. This operation would start on the first harmonic, where upon the
optimized controller found would be used to closed the loop for the first mode during the
optimization of the second harmonic, and similarly on to the optimization of the third
harmonic. However, this is extremely time consuming if one were to explore the whole
domain of operable gains and phases. Consequently, a two step procedure was set up.
First, the gain was optimized by setting the phase at the estimated optimum value
(obtained from non-meticulously stalling the compressor at different phases and gains
close to the values obtained by the spectral analyzer method and recording by hand the
throttle and orifice plate pressure at stall), and varying the gain between -0.002 and -0.006
in steps -0.001. The limit of -0.006 was imposed because of the saturation of the actuator
at high gain. Subsequently, the gain is set at the optimum value found and the feedback
phase is varied between -180' and 1800 with the steps length set at 50 or 100 in the region
of to the optimum phase and 200 or 300 elsewhere.
When implementing this method in practice, a few items must be kept in mind.
First, a limit of -0.005 was preferred when picking the optimal gain, because some
actuator saturation had been experienced in previous experiment at this gain. Second,
when monitoring the pressure drop across the orifice plate in the exhaust duct, it was
observed that a surge-type low frequency oscillation can occur as one gets close to the
stall point when closing the throttle, which can pull the system into stall. This was
avoided, when possible, by stopping the throttle and waiting for the oscillations to stop
before continuing. It is possible that this factor was responsible for the jaggedness of the
phase optimization curve in regions close to the optimum value. Third, some runs were
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repeated when the certainty of the stall value was questionable. In such cases, the stall
values of both runs are plotted on the optimization curve. Fourth, due to time constraint,
'steady' speedlines data were not taken for these optimization runs. Only the transient data
for the last 8 seconds prior to stall were recorded along with the compressor speed at stall.
However, the transient data took time to analyze and an optimum gain had to be obtained
in real time such that one can proceed with optimizing the phase on the same day. In
response, the outputs from the Baratron at stall, which indicates the pressure across the
orifice plate, hence the downstream mass flow, was also manually recorded to obtain the
optimal gain value on site. Moreover, it served to double check the results obtained from
analyzing the data later.
The results from the implementation of the above method for the first three
harmonics are illustrated in figures 5.12 through 5.14, along with the corresponding
results obtained from the model. In the case of harmonic 1, figure 5.12a indicates the
optimum gain to be -0.005, as predicted by the closed-loop system identification results in
figure 4.7. Nevertheless, the experimental gain optimization curve is different from the
theoretical curve. The theory shows that for 1st harmonic gains between -0.002 and -
0.004, the compressor stalls due to the uncontrolled second harmonic. On the other hand,
the optimum phase is -55', according to figure 5.13b, as predicted by the spectral analyzer
method. The phase optimization curve is close to the model's predicted curve. In figure
5.13a, the optimum gain for harmonic 2 was picked to be -0.005, in agreement with the
trends shown by the model and the system identifications, which shows that the higher the
gain for this harmonic, the lower the stalling point for this mode. Although the stall flow
coefficient for the -0.003 gain is the lowest, it is not supported by the Baratron output
data recorded manually. In addition, observations of unsteady orifice plate pressure data
showed some surge-type oscillation, discussed earlier, corrupting the data. Thus, this point
should be ignored. Figure 5.13b shows that the phase optimization curve for the second
mode is shifted from the theoretical curve by about 500 giving an optimal phase at 1700,
although the curve is quite flat (and zigzagging) around this value. The optimum controller
parameters are harder to pick out for harmonic 3, because the variation of the stall point
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Figure 5.12: Experimental gain and phase optimization for harmonic 1 controller.
For figure 5.12a (top), gains = [KI, 0, 0] and phases = [-55o, 00, 00],
and for figure 5.12b (bottom) gains = [-0.005, 0, 0] and phases =
[f31, 00,00] for the first three harmonics.
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Figure 5.13: Experimental gain and phase optimization for harmonic 2 controller.
For figure 5.13a (top), gains = [-0.005, K2, 0] and phases = [-55',
-1800, 00], and for figure 5.13b (bottom), gains = [-0.005, -0.005, 0]
and phases =[-55 o,P2, 00] for the first three harmonics.
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Figure 5.14: Experimental gain and phase optimization for harmonic 3 controller.
For figure 5.14a (top) gains = [-0.005, -0.005, K3] and phases =
[-550, 1800, 1550], and for figure 5.14b (bottom) gains = [-0.005,
-0.005, -0.004] and phases = [-550, 170', 03] for the first 3 modes.
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from varying the gain and phases is minimal as illustrated in figure 5.14. This may be
explained by the fact that the theory predicts that the stall is caused by the limit in
controlling the first harmonic, not the third harmonic, as evidenced by the flat theoretical
curves in figures 5.14a and 5.14b. In spite of this and the zigzagging in the experimental
curves, the optimal gain and phase for the third mode controller were picked as -0.004 and
1600, respectively.
5.3 Optimized Closed-Loop Compressor Performance
Using the optimized controller parameters obtained in section 5.2, the compressor
performance with 1st mode control, 1st and 2nd mode control as well as control of all
three modes are presented here. All control experiments were performed twice to ensure
repeatability of the results, which was confirmed. In addition to using the transient data of
the repeated runs, their 'steady' speedline data were also used to confirm the repeatability
of the stall flow coefficient. It was found that the stall point was repeatable to within
+0.001 in most cases and ±0.002 in some cases. The value given in this section is the
average of these values. The slope at stall was estimated from curve fitting the speedlines
of each run and evaluating the derivative of the respective function at the stall point. Since
the slope depends on a curve fit, its accuracy is limited to about +0.025. The speedlines
for the three cases are plotted along with the mean blowing and base speedlines in figure
5.15. The subsequent plots concerning the transient flow field prior to stall serve to figure
out what causes stall in each case.
First, active control of harmonic 1 results in a downstream stall flow coefficient
(0d) of 0.447 and a slope of 0.425, representing a 1.8% range extension with respect to
the mean blowing case and 2.4% with respect to the no blowing case. The model using the
theoretical optimized gain and phase predicts a stall point of 0.445 at a slope of 0.464,
which compare well with the actual results. The hot-wires traces in figure 5.16 shows that
the first harmonic seems to have disappear from the hot-wire traces. The SFC traces in
figure 5.17 does not show any dominating harmonic in terms of magnitude. However, the
PSD plots illustrated in figures 5.18 through 5.20, which shows the PSD magnitude,
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indicates that the first harmonic disturbance, now located at co=0.53o which is consistent
with the theoretical and fitted critical poles from figure 4.7 at a gain of -0.005, has been
greatly damped and does not seem to grow much. On the other hand, the second harmonic
at 0.85%o appears in the last 30 rotor revolution and grows quickly into rotating stall,
again consistent with the model, which points to harmonic 2 as the cause of stall.
Second, active control of the first and second harmonics reduces the stall flow
coefficient to 0.436, thus extending the operating range by 4.2% from the mean blowing
case and 4.8 % from the no blowing case. The slope at stall is about 0.648. The model is
1.1
1.05os
0.4 0.45 0.5
Odownstream
0.55 0.6 0.65
Figure 5.15: Actuator/compressor speedlines with and without optimized constant
feedback control (in terms of downstream flow coefficient)
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Figure 5.15a: Enlargement of stall region in figure 5.15
less accurate in this case, predicting at theoretical optimum gain values of [-0.0025, -
0.0050, 0] and phase values of [-70', 1450, 0o], for the first three harmonics, a stall point
with d = 0.425 and a slope of 0.8605. This overestimation of performance by the model
should be expected from the system ID data in chapter 4, which shows that the model
often overestimates the damping of the critical poles for harmonics 2 and 3. Moreover, the
model predicts the cause of stall to be the first harmonic disturbance. However, the hot-
wire traces of figure 5.21 shows some presence of the first as well as the second harmonic,
but no clear sign of a dominating harmonic in the stall precursor. This is also reflected in
the SFC plots of figure 5.22. The PSD plots (figures 5.23, 5.24 and 5.25) shows growth
of a first harmonic disturbance at about 0.50%o, as well as the presence of an unpredicted
second harmonic disturbance at 0.33%o of higher magnitude but whose growth is unclear.
Nevertheless, the magnitude of both harmonic disturbances are smaller than in the case of
first harmonic control. No clear disturbance is present in the third harmonic. In summary,
no single cause of rotating stall is clear from the results in this case.
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Finally, the addition of third harmonic control only has limited effect on the stall
point, slightly reducing Pd to 0.433, which is equivalent to a 4.8% range extension from
mean blowing and a 5.5% range extension from the no blowing case. The slope of the
speedline at stall is 0.585. The model evaluated at the feedback gain used (-0.004) and the
theoretically optimized phase of 1450 predicts no change in the stall point from the
previous 1st and 2nd harmonic control regime since the cause of stall remains the same. In
practice, as in the previous case, the cause of stall remains unknown. Figure 5.26 shows
no clearly visible harmonic in the hot-wire traces. Similarly, no dominating harmonic
appears in the SFC plots of figure 5.27. The first and second harmonic PSDs (figures 5.29
and 5.30) show very small disturbances without clear growth. Only the third harmonic
PSD in figure 5.30 shows some growing low frequency disturbance at about 0.08%o, which
may be just some noise amplified by the factor multiplied to the data to account for the
decay. The PSD for harmonic 4 could not be relied upon because of the high decay factor,
which reduces the disturbance amplitudes to below the noise level.
In the search for a cause of stall, it was observed from the PSD plotted at higher
resolution and over a longer time span before stall, that there is a low frequency
perturbance on the order of 0.1 Hz, which is the frequency of the pole associated with
the high-pass filter used to eliminate the drift in the hot-wires. This low frequency
disturbance has very high amplitude in the case of runs involving the second and third
harmonic control as shown in figure 5.31 for harmonic 1 in a run involving control of all
three harmonics, and possibly triggers stall through non-linear behavior of the system. This
was seen before in preliminary control runs. It was suspected that the Butterworth high
pass filter may be responsible for this oscillation. Although the model predicts that the
filter pole should be stable and dampde, chapter 4 showed that its predictions of the
location of low frequency poles is inaccurate. Consequently, to be sure, the control
software was set up so as to allow deactivating the filter on-line as one approaches the
stall point. The above controls experiment were repeated with this technique. However,
this technique did not improve the stall flow coefficient at all. Moreover, a look at the
PSD for a case equivalent that of figure 5.31 in figure 5.32 indicates that the low frequen-
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Figure 5.26: Hot-wire traces of rotating stall inception flow field
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cy perturbance has changed rotational direction but is still present, suggesting that the
filter pole is not the source of the low frequency oscillation.
Lastly, as a complement, one should also look at the range extension with jet
actuators in terms of the flow coefficient upstream of the actuators. Figure 5.33 is the
equivalent of figure 5.15 in terms of upstream flow coefficient (~ ). According to this
plot, mean blowing alone extends the upstream operating range by 9.4%, reducing the
upstream flow coefficient to 0.415 at stall with a slope of 0.219. First harmonic control
diminishes , to 0.407 at a slope of 0.439 at stall, representing a range extension of
1.9% from mean blowing and 11.1% from the baseline case. First and second harmonic
control brings the upstream stall flow coefficient and slope to 0.394 and 0.629,
respectively, hence adding a range extension of 13.2% range extension to the mean
blowing case and 13.8% to the no blowing case. Finally, the compressor with control of
the first three mode stalls at O, = 0.390 and a slope of 0.579, giving 14.3% and 14.8%
range extension to the mean blowing and no blowing regimes, respectively.
For completeness, the performance of the compressor under closed-loop control
with the injectors turned on either sides of the flow direction at the exit of the IGV must
be investigated.
5.4 Active Control With Injectors Turned Clockwise
The injectors were first turned clockwise by 18.20 from the original position, i.e.
against the rotor's rotation. In this position, the injection effectively increases the loading
on the blades of the first rotor. This gives more gain to the actuation by increasing the
pressure rise from injection. This is confirmed by comparing the new speedlines at various
steady injection rates in figure 5.34 compared with the corresponding speedlines in the
original injection direction. However, the increase in loading from the injection may also
cause the first stage to stall sooner.
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Figure 5.33: Actuator/compressor speedlines with and without optimized
constant feedback control (in terms of upstream flow coefficient)
5.4.1 Controller Optimization
The controller for the first three harmonics were optimized experimentally using
the method described in section 5.2. The optimum controller parameters, using the
manually recorded Baratron data, were [-0.0050, -0.0034, -0.0040] for the feedback gains
of the first three harmonics with corresponding phases of [-55', -170', 1700].
5.4.2 Optimized Closed-Loop Performance
The closed-loop performance of the compressor with the injectors turned
clockwise using the above controllers is described by the speedlines in figure 5.35.
Referring to this plot, the reference cases stall at 4 d = 0.460 and 0.456 and a slope of
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0.109 and 0.224, for the no blowing and mean blowing at 0.02 kg/s/valve regimes,
respectively. First harmonic control stabilizes the compressor until Od =0.447 at a slope of
0.469. Adding second harmonic control further reduces the stall point to d =0 .442 at a
slope of 0.518. Finally, third harmonic control, possibly due to bad optimization, caused
earlier stall at d =0.445 and a slope of 0.408. At any rate, it appears that turning the
injector clockwise does not change the stall point for mean blowing and first harmonic
control, but causes the compressor to stall significantly earlier with control involving the
second and third harmonics. Therefore, in this configuration, it seems that the effect of
increased blade loading dominates over that of having higher gain from the injection.
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Figure 5.34: Actuator/compressor speedlines at several steady injections rates with
injectors turned 18.20 CW versus original orientation (dashed lines)
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Figure 5.35: Actuator/compressor speedlines with and without optimized
constant feedback control for injectors turned 18.2' CW
5.5 Active Control With Injectors Turned Counter Clockwise
In the final configuration, the injectors were turned 21.80 counter clockwise from
the original position, into the rotation of the compressor, effectively reducing the loading
on the blades of the first rotor. While the reduced loading is favorable to the compressor
in terms of stall, the gain from the injection is greatly reduced compared to the original
injection direction as demonstrated by figure 5.36.
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5.5.1 Controller Optimization
The experimental optimization of the controller using the method described in
section 5.4.1 gave optimal gains and phases of [-0.0050, -0.0050, -0.0040] and [-550,
-1500, - 1800], respectively.
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Figure 5.36: Actuator/compressor speedlines at several steady injections rates with
injectors turned 21.80 CCW versus original orientation (dashed lines)
5.5.2 Optimized Closed-Loop Performance
The results from operating the compressor in the new configuration with the
controller parameters chosen above are presented in Figure 5.37. For the baseline and
mean blowing regimes, the compressor stalls at d = 0.459 and 0.456 and slopes of 0.109
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and 0.272, respectively. The performance in closed-loop control is quite close to the
original configuration. First harmonic control improves the stall flow coefficient to 0.445
at a slope of 0.320, which is slightly better than for the initial direction of injection. First
and second harmonic control reduces the stall point to 4d =0.439 at slope of 0.559, which
is not as low but close to the original case. Last but not least, control of all three
harmonics stabilizes the compressor to d =0.433 and a slope of about 0.618, i.e. about
the same as in the original configuration. From these numbers, one can conclude that in
this case, the reduced blade loading due to injection plays a more important role than the
gain in pressure from injection. On the same note, the results obtained from control with
injection at different angles indicates that one cannot rely only on the steady-state
speedlines to judge the effectiveness of an actuator, at least in the case of jet actuators.
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Figure 5.37: Actuator/compressor speedlines with and without optimized
constant feedback control for injectors turned 21.8' CCW
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Chapter 6: Conclusions
6.1 Summary and Conclusions
In accordance with the objective of this research, active control of rotating stall
with upstream distributed jet actuators was implemented on a multi-stage low speed axial
compressor and the effectiveness of the actuators were assessed. The validity of the
injection model and the accuracy of the system's model in predicting the behavior and
performance of the system under active control were assessed. This represents the first
time modal control using distributed jet injection has been implemented on a multi-stage
compressor. The following are the main conclusions derived from this research.
Active control with jet injection worked in stabilizing the compressor. As
expected, mean blowing alone at 9.3% of the compressor mass flow at stall the
compressor does not significantly affect the compressor stability, lowering the flow
coefficient downstream of the injection at stall by a mere 0.7% beyond the no blowing
case. Adding first harmonic control increases this value to 2.4%. Control of the 1st and
2nd harmonic extends the operating range by 4.8% from the no blowing case and adding
the third harmonic to the control brings slightly augments this value to 5.5%. From
another perspective, mean blowing, 1st harmonic, 1st and 2nd harmonic, and 1st, 2nd and
3rd harmonic control reduces the inlet flow coefficient (i.e. upstream of actuators) by
9.4%, 11.1%, 13.8% and 14.8% , respectively, with respect to the no blowing regime. The
results are summarized in table 6.1.
Nevertheless, the performance of the compressor under active control with jet
actuators is well below that predicted the theoretical model used by Hendricks and Gysling
[7], as shown in table 6.1. Three main factors may account for this discrepancy:
First, the study neglected the presence of external dynamics in the feedback loop.
Modeling studies in chapter 3 show that the external dynamics from the physical elements
in the control loop significantly reduces range extension as well as the stability domain.
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downstream flow coefficient at stall ( d,s,,, )
(% decrease in ,stall from baseline )
[ characteristic slope " at stall ]
Description experiment model model model SGV control
w/o external w/o external with external experiment
dynamics & dynamics & real dynamics & (Haynes [4])ideal injection injection real injection
no blowing 0.458 0.456 0.456 0.456 0.460
(baseline) [0.050] [0.153] [0.153] [0.153] [0.166]
mean blowing, 0.455 0.454 0.461 0.461 N/A
no control (0.7%) (0.4%) (-1.1%) (-1.1%)
[0.183] [0.150] [0.146] [0.146]
1st harmonic control 0.447 0.436 0.445 0.445 0.446
(2.4%) (4.3%) (2.4%) (2.4%) (3.0%)
[0.425] [0.508] [0.464] [0.464] [0.448]
1st and 2nd harmonic 0.436 0.402 0.414 0.425 0.424
control (4.8%) (11.8%) (9.2%) (6.8%) (7.8%)
[0.648] [1.182] [1.0788] [0.861] [0.891]
1st, 2 nd and 3 rd 0.433 0.385 0.409 0.425 0.424
harmonic (5.5%) (15.6%) (10.3%) (6.8%) (7.8%)
control [0.585] [1.520] [1.178] [0.861] [0.891]
Table 6.1: Summary of experimental and theoretical stall points for optimized controllers
with a maximum allowable gain of 0.0050 in magnitude.
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Using the non-ideal injectors, if the external dynamics of the system were neglected, the
theory predicts a 10.3 % extension range in downstream mass flow with the above mean
injection rate and optimum control of all three harmonics . However, with the external
dynamics included, this value falls to 6.8%.
Second, in spite of the effort put in their design, the injectors used do not conform
with the uniform mixing injection model in terms of predicting the pressure rise incurred
by the injection. The injectors give much lower pressure rise at low flow coefficient than
an ideal 'full-mixing' injector, translating into significantly less control power. In the case
were there is no optimum gains, as is the case when external dynamics is absent, the loss in
control power, due to the injectors can have significant effects on the stall point as shown
in table 6.1.
Third, the model has many imperfections. Most importantly, the stability limiting
phenomena at this point are not captured by the model, which is evidenced by the fact that
the cause of stall caused of stall predicted by the model for the cases where harmonics
higher than one are controlled are not observed experimentally. Instead, a low frequency
oscillation is observed and whose source cannot be determined by the model. This
questions the validity of the overall model for control of harmonics beyond 1. Moreover,
the model overestimates the damping of the critical poles, especially for harmonics 2 and
3, and hence the range extension, and thus cannot be relied upon in a quantitative manner,
as shown by the results in table 6.1.
In spite of the above drawbacks, the model can still be useful. First, it works well
in qualitatively predicting the dynamics of the compression system, in terms of the trends
of movement of the poles through variation of the throttle and control parameters,
especially for the first harmonic, as verified with system ID data. The model showed
correctly that constant gain control causes the critical pole in the first harmonic to move
upward, meaning an increase in stability at the expense of stressing the system. In
addition, the model correctly predicted the cause of stall for no control and 1st harmonic
control. The above observations justify using the model to design compensators that
attempts to move the critical poles in more desirable directions.
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Last but not least, turning the injectors did not improve the stall point of the
actively controlled compressor. Turning the injectors in the direction that increases the
loading on the blades of the first rotor provided more steady pressure increase, thus more
control power, from quasi-steady perspective. However, the extensions in flow coefficient
from active control were actually reduced. On the other hand, turning the injectors in the
opposite direction reduced the pressure effect of the injector. Yet, the performance did not
vary much from the original injection configuration, and was actually better for 1st
harmonic control. This indicates that one cannot uniquely rely upon steady-state effects of
actuators, at least in the case of jet injectors, to judge their effectiveness.
6.2 Recommendations for Future Work
Several questions remain unanswered in the present research and, thus could form
the basis for future work. The following are a few items requiring further investigation:
1) The cause of stall when controlling higher harmonics. One should try to find the
origin of some unknown oscillations in the PSD such as of the low frequency
oscillation, which could not be suppressed by shutting off the 0.1 Hz high pass
filter, and the second harmonic disturbance at 0.33o, both of which appeared
before in the pre-stall flow field when the compressor was under 1st and 2nd
harmonic control or 1st, 2nd and 3rd harmonic control.
2) Look for ways to eliminate the negative effects of the external dynamics, especially
the one that caused the first harmonic critical perturbation pole to curve with
increasing feedback gain as shown in figure 4.7 rather than continue straight to the
left to increase damping. According to the model, this effect is the reason why the
first harmonic was the limiting factor in the control of this compressor.
3) Investigate other type of controllers to see if they can further reduce the stall flow
coefficient.
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4) Evaluate the effectiveness of jet actuators in controlling rotating stall in the
presence of inlet distortion, similar to the work by Van Schalkwyk [5] with the
SGV actuators.
5) Look at the effectiveness of the present control scheme in the reduction of the and
possibly the elimination hysterisis after stall, somewhat similar to the work done by
Behnken et al. [12].
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Appendix A : Injector Design Optimization
This appendix describes methodology and presents the results of the attempt to
design an injector with a more uniform velocity profile than the original injector designed
by Diaz [8] presented in Chapter 2. The objective was to approach the ideal injector
modeled by the theory for which the total mixing between the injected and the upstream
flow produces a uniform velocity profile at the exit of the actuator.
The velocity profile obtained with the original three-hole injector, as shown in
figure 2.5, shows distinct peaks for associated the jets emanating from the holes. It was
reasoned that to make the velocity profile circumferentially more uniform, more holes
should be used. A five-hole configuration was attempted, conserving approximately the
total area of the original injector. To determine the size, location and injection angle of
each hole, a computer code was set up using empirical correlations for predicting the jet
trajectory and velocity profile. Correction factors on the jet trajectory correlations, based
first on the experimental location of the jets for the three-hole injector, was used to correct
the predictions for the effect of the jets interacting with each other. The amount of mixing
between adjacent overlapping jets was also empirically determined based on experimental
data for the original injector. The code was used to size and position the five holes such
that the predicted velocity profile at the axial position of the first rotor varies
circumferentially, at the radial optimum velocity position, by less than 5% of the upstream
flow velocity and covers the circumferential extent of the annulus assigned to each
injector. Two copies of the resulting injector would be manufactured and tested in the
wind tunnel used by Diaz. If the data obtained did not match the predictions and thus was
unsatisfactory, the data would be used to obtain new correction factors for the code and
the above process would be repeated. Three such experimental iterations were carried out
before time ran out and before the jets' center became harder and harder to distinguished
and measured to update the correction factors. The three five-hole configurations tested
are illustrated in figure A. 1, A.3 and A.5 and the corresponding velocity profiles for mean
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injection at 16.3 % of the upstream annulus mass flow set for a velocity of 30 m/s (stall
axial velocity of uncontrolled compressor) are presented in figures A.2, A.4 and A.6,
respectively. As demonstrated in these figures, the dual objectives of uniformity and
maximum coverage could not be reached with the five-hole injector. The five-hole
injectors tested leave gaps between peaks in the velocity profile which are larger than in
the case of the three-hole injector.
Subsequently, the holes were replaced a by slot. The resulting injector is depicted
in figure A.7, and the corresponding velocity profile for a single injector is shown in figure
A.8. As found by Berngt [13] in one of his attempts to design a slot injector for a single-
stage high-speed axial compressor, the injected 'sheet' emanating from a slot injector at a
non-zero injection angle rolls up into two vortices at the extremities, causing the velocity
to be non-uniform as seen in figure A.8. In view of the above, the original simpler three-
hole injector was picked. However, as a last effort, the holes were opened up as a taper at
the exit as shown in figure A.9. This was done in the hope that the jet would expand
faster such that its velocity profile would be more uniform at the desired axial position
downstream. Unfortunately, as shown in figure A. 10, this was not the case. Consequently,
the original 3-hole configuration was selected without change.
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Figure A. 1: First five-hole injector design
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Figure A.2: Velocity profile at axial location of first rotor for steady injection equivalent to
14.8% (for twelve actuators) of mass flow through compressor at stall, using
two injectors of the first five-hole design.
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Figure A.3: Second five-hole injector design
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Figure A.4: Velocity profile at axial location of first rotor for steady injection equivalent to
14.8% (for twelve actuators) of mass flow through compressor at stall, using
two injectors of the second five-hole design
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Figure A.5: Third five-hole injector design
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Figure A.6: Velocity profile at axial location of first rotor for steady injection equivalent to
14.8% (for twelve actuators) of mass flow through compressor at stall, using
two injectors of the third five-hole design
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Figure A.7: Slot injector design
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Figure A.8: Velocity profile at axial location of first rotor for steady injection equivalent to
14.8% (for twelve actuators) of mass flow through compressor at stall, using
one slot injector
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Figure A.9: Three-hole injector modified to have countersunk hole openings
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Figure A. 10: Velocity profile at axial location of first rotor for steady injection equivalent
to 14.8% (for twelve actuators) of mass flow through compressor at stall,
using two modified three-hole injectors.
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Appendix B : Valve Characteristics
This appendix describes the calibration methods used to obtain the flow
characteristics and dynamic characteristics of the jet actuators gives the results, which are
the flow versus valve opening curve and transfer function from the position command to
valve position for each actuator.
First, the flow characteristic of each actuator was evaluated by hooking the valve's
input to the 100 psig manifold and connecting the valve's two flow outlets to a larger
cylindrical flowmeter. The full-open valve position was taken as the zero valve position
and was determined consistently by inserting a specially machined jig to centralize the
valve. For each valve opening between 0O (full open) and 37' (approximately minimum
flow) in steps of 1.76', the volumetric flow was visually read from the float and graduated
cylinder on the large flowmeter. In addition, the pressure and temperature of the air at the
inlet of the flowmeter were also recorded to calculate the air density and hence the mass
flow. The mass flow was reduced with the measured feed pressure and temperature,
plotted against valve opening and curve fitted with a fifth order polynomial. The results
are given in figures B.1 through B.12. A small flowmeter was present between the
manifold and the valve to help estimate the leakage in the valve by subtracting the
downstream mass flow from the upstream mass flow. The leakage, which passes through
the servo motor via its shaft clearance, was approximately 13% of the maximum mass
flow of each actuator, which is sufficient to cool the servo motors.
Second, the dynamic behavior of the actuator was measured by inputting
frequency sweeps from 0 to 200 Hz as motor command to each actuator with 100 psig air
feed and measuring the encoder position. The resulting computed transfer functions are
plotted in figures B.13 to B.24 for actuators 1 through 12, along with the fit used in the
model represented by equation (3.41).
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Figure B. 1: Measured flow vs. valve opening and angle-to-flow fit for actuator #1
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Figure B.2: Measured flow vs. valve opening and angle-to-flow fit for actuator #2
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Figure B.3: Measured flow vs. valve opening and angle-to-flow fit for actuator #3
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Figure B.4: Measured flow vs. valve opening and angle-to-flow fit for actuator #4
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Figure B.5: Measured flow vs. valve opening and angle-to-flow fit for actuator #5
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Figure B.6: Measured flow vs. valve opening and angle-to-flow fit for actuator #6
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Figure B.7: Measured flow vs. valve opening and angle-to-flow fit for actuator #7
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Figure B.8: Measured flow vs. valve opening and angle-to-flow fit for actuator #8
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Figure B.9: Measured flow vs. valve opening and angle-to-flow fit for actuator #9
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Figure B. 10: Measured flow vs. valve opening and angle-to-flow fit for actuator
#10
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Figure B. 11: Measured flow vs. valve opening and angle-to-flow fit for actuator
#11
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Figure B.12: Measured flow vs. valve opening and angle-to-flow fit for actuator
#12
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Figure B. 13: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #1 and fit used in model (dashed line)
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Figure B.14: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #2 and fit used in model (dashed line)
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Figure B.15: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #3 and fit used in model (dashed line)
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Figure B.16: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #4 and fit used in model (dashed line)
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Figure B.17: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #5 and fit used in model (dashed line)
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Figure B.18: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #6 and fit used in model (dashed line)
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Figure B.19: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #7 and fit used in model (dashed line)
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Figure B.20: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #8 and fit used in model (dashed line)
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Figure B.21: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #9 and fit used in model (dashed line)
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Figure B.22: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #10 and fit used in model (dashed line)
187
. . . . . . . . . .
* .
S . .. . . . . ... . . .. .
.-- .. .. ... ... . . " .. . .. . . ..
V
... ..... .. .. ... .. . .............. ...... .. ....... v
... ., .. , ., .. .. .. . .. . .. . ... . . .. I .. ..
. . . ... . . .. . . . . . . .. . . . . .. ... . . .. . . .
. . .. . . .. . . . . ... . . . . . . .. . . . . . .... .  . . . . . . . . . . . . ..- i ! . .  .. .  . .
... .. .. .. .. .]. .. .. .. . . . .. . . .. . . . . . . . . . . . . . .. . . .. . . . . . . . .
, ; ; I. .
* I ...........
. ...........
100
-200
-300
20
-2
-4
-6
10
0
.100
Frequency (Hz)
-200
-300
Frequency (Hz)
Figure B.23: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #11 and fit used in model (dashed line)
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Figure B.24: Measured cammanded position-to-shaft position transfer function
(solid line) for actuator #12 and fit used in model (dashed line)
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Appendix C : Experimental Log
This appendix lists the experiments performed on the 3-stage compressor apparatus
which were used in this thesis, the dates performed, and associated conditions. The
experiments fall under four categories, which are steady blowing, system identification,
controller optimization and active control runs.
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1) Steady blowing
Experiment Injection rate Date Tab (0 C) Pamb (in. Hg) mean Thesis Figure #
Number (% of stall flow) rpm
212 0 09/12/96 25.40 29.946 2407 5.33 and 5.35
214 8.2 09/12/96 25.00 29.926 2400 5.33 and 5.35
215 9.2 09/12/96 25.10 29.926 2404 5.33 and 5.35
216 10.2 09/12/96 25.00 29.926 2403 5.33 and 5.35
217 11.2 09/12/96 24.90 29.924 2404 5.33 and 5.35
218 12.8 09/12/96 24.85 29.920 2404 5.33 and 5.35
219 14.3 09/12/96 24.85 29.920 2404 5.33 and 5.35
220 0 09/17/96 22.90 29.818 2403 3.6
225 0 09/17/96 23.56 29.794 2408 3.6
Table C. 1: Mean blowing speedline runs with injectors in original direction
Experiment Injection rate Date Tab (0C) Pab (in. Hg) mean Thesis Figure #
Number (% of stall flow) rpm
433 8.2 10/15/96 25.45 30.070 2404 5.33
434 9.2 10/15/96 25.53 30.070 2404 5.33
435 10.2 10/15/96 25.48 30.070 2405 5.33
436 11.2 10/15/96 25.48 30.059 2405 5.33
437 12.8 10/15/96 25.40 30.069 2406 5.33
438 14.3 10/15/96 25.48 30.069 2406 5.33
439 0 10/15/96 24.85 29.920 2404 5.33
Table C.2: Mean blowing speedline runs with injectors turned 18.20 clockwise with respect to
the original direction
Experiment Injection rate Date Tab (oC) Pmb (in. Hg) mean Thesis Figure #
Number (% of stall flow) rpm
466 8.2 10/20/96 24.65 29.930 2402 5.35
467 9.2 10/20/96 24.40 29.936 2401 5.35
468 10.2 10/20/96 24.33 29.939 2402 5.35
469 11.2 10/20/96 24.40 29.936 2404 5.35
470 12.8 10/20/96 24.39 29.937 2404 5.35
471 14.3 10/20/96 24.62 29.937 2404 5.35
472 0 10/20/96 24.62 29.937 2404 5.35
Table C.3: Mean blowing speedline runs with injectors turned 21.80 counter clockwise with
respect to the original direction
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2) System Identification
Experiment Description * Date Tab (OC) Pamb (in. Hg) mean Thesis Figure #
Number rpm
228 ol_t_[1] 09/17/96 22.70 30.322 2398 4.1 and D.1
229 ol_t_[1] 09/17/96 23.20 30.322 2401 4.1 and D.2
230 ol_t_[1] 09/17/96 23.35 30.322 2401 4.1 and D.3
231 ol_t_[1] 09/17/96 23.20 30.322 2403 4.1 and D.4
241 cl_t_[3] 09/27/96 22.80 30.384 2402 4.6 and D.21
242 cl_t_[3] 09/27/96 22.90 30.384 2404 4.6 and D.22
245 cl_t_[2] 09/27/96 22.70 30.370 2402 4.5 and D.17
246 clt [2] 09/27/96 23.00 30.370 2403 4.5 and D.18
247 cl_t_[2] 09/27/96 22.85 30.370 2405 4.5 and D.19
251 cl t [1] 09/29/96 25.70 30.016 2399 4.4 and D.14
252 cl t [1] 09/29/96 25.30 30.016 2403 4.4 and D.15
253 cl t [1] 09/29/96 25.30 30.016 2405 4.4 and D.16
254 clt_[1] 09/29/96 25.30 30.016 2402 4.4 and D.13
255 cl_t_[2] 09/29/96 25.45 30.020 2406 4.5 and D.20
256 ol_t_[2] 09/29/96 25.60 30.020 2400 4.2 and D.5
257 ol_t_[2] 09/29/96 25.61 30.020 2401 4.2 and D.6
258 ol_t_[2] 09/29/96 25.61 30.020 2405 4.2 and D.7
259 ol_t_[2] 09/29/96 25.58 30.020 2404 4.2 and D.8
260 ol_t_[3] 09/29/96 25.71 30.026 2404 4.3 and D.9
261 ol_t_[3] 09/29/96 25.73 30.026 2406 4.3 and D.10
262 olt_[3] 09/29/96 25.73 30.026 2405 4.3 and D. 11
263 ol_t_[3] 09/29/96 25.73 30.026 2406 4.3 and D.12
264 cl_t_[3] 09/29/96 25.73 30.026 2403 4.6 and D.23
265 cl_t_[3] 09/29/96 25.73 30.026 2404 4.6 and D.24
266 cl_g_[l] 09/29/96 25.70 30.052 2404 4.7 and D.25
267 cl g_[1] 09/29/96 25.77 30.052 2404 4.7 and D.26
268 clg_[1] 09/29/96 25.75 30.052 2404 4.7 and D.27
269 cl g [1] 09/29/96 25.75 30.052 2405 4.7 and D.28
270 cl_g_[1] 09/29/96 25.78 30.052 2404 4.7 and D.29
271 cl g_[2] 09/29/96 25.75 30.062 2402 4.8 and D.30
272 cl_g_[2] 09/29/96 25.75 30.062 2402 4.8 and D.31
273 cl_g_[2] 09/29/96 25.75 30.062 2401 4.8 and D.32
274 clg_[2] 09/29/96 25.75 30.062 2401 4.8 and D.33
275 cl_g_[2] 09/29/96 25.76 30.062 2402 4.8 and D.34
421 cl_p[1] 10/10/96 27.50 29.738 2401 4.9 and D.35
422 cl_p_[l] 10/10/96 27.50 29.738 2400 4.9 and D.36
423 cl_p_[1] 10/10/96 27.50 29.738 2398 4.9 and D.37
424 clp_[1] 10/10/96 27.50 29.738 2398 4.9 and D.38
425 cl p_[2] 10/10/96 27.50 29.738 2397 4.10 and D.39
426 cl_g_[2] 10/10/96 27.50 29.738 2397 4.10 and D.40
427 cl g_[2] 10/10/96 27.50 29.738 2398 4.10 and D.41
428 cl_g_[3] 10/10/96 27.50 29.738 2398 4.11 and D.42
429 clg [3] 10/10/96 27.50 29.738 2397 4.11 and D.43
430 clg_[3] 10/10/96 27.50 29.738 2397 4.11 and D.44
Table C.4: System identification runs with injectors in original direction (*: ol (open-loop) cl
(closed loop) t(varying throttle) g(varying gain) p (varying phase), [harmonic #])
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3) Controller Optimization
Note that only the optimization runs with the injectors in the original direction were
had carefully recorded ambient conditions. Hence, only these runs are presented here.
a) Harmonic 1
Experiment Gain Phase (0) Date Tamb (OC) Pab rpm at Baratron reading
Number (in. Hg) stall at stall (mV)
287 0 0 10/03/96 24.22 30.152 2401
288 -0.002 -55 10/03/96 24.28 30.152 2400
289 -0.003 -55 10/03/96 24.28 30.152 2399
290 -0.004 -55 10/03/96 24.28 30.152 2399 -
291 -0.005 -55 10/03/96 24.31 30.152 2401 431
292 -0.006 -55 10/03/96 24.26 30.170 2401 434
293 -0.005 -50 10/03/96 24.26 30.170 2402 438
294 -0.005 -40 10/03/96 24.20 30.170 2402 442
295 -0.005 -30 10/03/96 24.20 30.186 2401 451
296 -0.005 -10 10/03/96 24.18 30.186 2401 482
297 -0.005 10 10/03/96 24.08 30.186 2400 518
298 -0.005 30 10/03/96 24.10 30.186 2402 -
299 -0.005 50 10/03/96 24.10 30.186 2401 550
300 -0.005 70 10/03/96 24.07 30.214 2403 556
301 -0.005 90 10/03/96 24.00 30.214 2403 563
302 -0.005 110 10/03/96 23.97 30.214 2403 561
303 -0.005 130 10/03/96 23.86 30.214 2402 556
304 -0.005 150 10/03/96 23.85 30.242 2404 546
305 -0.005 -180 10/03/96 23.70 30.242 2394 523
306 -0.005 -160 10/03/96 23.86 30.242 2406 509
307 -0.005 -140 10/03/96 23.80 30.242 2402 492
308 -0.005 -120 10/03/96 23.88 30.242 2406 470
309 -0.005 -100 10/03/96 23.90 30.242 2406 456
310 -0.005 -80 10/03/96 23.80 30.242 2406 440
311 -0.005 -70 10/03/96 23.75 30.270 2409 438
312 -0.005 -60 10/03/96 23.79 30.270 2407 438
313 0 0 10/03/96 23.81 30.270 2408 445
Table C.5: Controller optimization runs for harmonic 1 (the given baratron readings are those
recorded manually at stall). The results from these runs are used in figure 5.12.
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b) Harmonic 2
Experiment Gain Phase (o) Date Tamb (oC) Pab rpm at Baratron reading
Number (in. Hg) stall at stall (mV)
329 0 0 10/07/96 26.55 30.074 2401 -
330 -0.002 -180 10/07/96 26.60 30.074 2403 417
331 -0.003 -180 10/07/96 26.70 30.074 2402 415
332 -0.004 -180 10/07/96 26.78 30.074 2402 409
333 -0.005 -180 10/07/96 26.86 30.074 2403 409
334 -0.006 -180 10/07/96 26.90 30.074 2403 409
335 -0.005 -170 10/07/96 26.88 30.074 2403 411
336 -0.005 -160 10/07/96 26.88 30.074 2403 408
337 -0.005 -150 10/07/96 26.85 30.074 2402 409
338 -0.005 -140 10/07/96 26.61 30.074 2404 409
339 -0.005 -130 10/07/96 26.53 30.074 2404 416
340 -0.005 -120 10/07/96 26.55 30.074 2402 422
341 -0.005 -100 10/07/96 26.38 30.070 2405 436
342 -0.005 -70 10/07/96 26.36 30.070 2403 451
343 -0.005 -40 10/07/96 26.38 30.070 2401 466
344 -0.005 -10 10/07/96 26.23 30.070 2401 475
345 -0.005 20 10/07/96 26.13 30.070 2401 480
346 -0.005 50 10/07/96 26.23 30.070 2402 465
347 -0.005 80 10/07/96 26.28 30.070 2403 459
348 -0.005 110 10/07/96 26.20 30.070 2405 438
349 -0.005 140 10/07/96 26.23 30.070 2407 419
350 -0.005 150 10/07/96 26.20 30.076 2406 409
351 -0.005 160 10/07/96 26.19 30.076 2406 409
352 -0.005 170 10/07/96 26.12 30.076 2407 409
353 -0.005 180 10/07/96 26.07 30.076 2407 413
354 -0.005 -160 10/07/96 26.00 30.076 2406 411
Table C.6: Controller optimization runs for harmonic 2 using -0.005 and -55' as 1st harmonic
gain and phase (the given baratron readings are those recorded manually at stall).
The results from these runs are used in figure 5.13.
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c) Harmonic 3
Experiment Gain Phase (0) Date Tab (0 C) Pab rpm at Baratron reading
Number (in. Hg) stall at stall (mV)
362 0 155 10/08/96 28.00 29.922 2399 403
363 -0.002 155 10/08/96 28.03 29.922 2404 402
364 -0.003 155 10/08/96 28.05 29.922 2405 400
365 -0.004 155 10/08/96 28.33 29.922 2406 399
366 -0.005 155 10/08/96 28.28 29.922 2407 401
367 -0.006 155 10/08/96 28.23 29.907 2407 408
368 -0.005 155 10/08/96 28.20 29.907 2407 403
369 -0.004 155 10/08/96 28.48 29.907 2408 403
370 -0.003 155 10/08/96 28.13 29.907 2407 408
371 -0.004 160 10/08/96 28.09 29.907 2408 397
372 -0.004 170 10/08/96 27.98 29.907 2408 402
373 -0.004 180 10/08/96 28.05 29.907 2408 398
374 -0.004 -170 10/08/96 28.12 29.907 2410 405
375 -0.004 -160 10/08/96 28.19 29.873 2409 400
376 -0.004 -150 10/08/96 28.18 29.873 2409 403
377 -0.004 -130 10/08/96 28.15 29.873 2409 405
378 -0.004 -100 10/08/96 28.26 29.873 2409 411
379 -0.004 -70 10/08/96 28.12 29.873 2409 416
380 -0.004 -40 10/08/96 28.15 29.873 2409 414
381 -0.004 -10 10/08/96 28.22 29.873 2410 417
382 -0.004 10 10/08/96 28.32 29.873 2410 410
383 -0.004 40 10/08/96 28.36 29.873 2407 408
384 -0.004 70 10/08/96 28.28 29.873 2409 406
385 -0.004 100 10/08/96 28.21 29.873 2408 404
386 -0.004 120 10/08/96 28.18 29.873 2409 405
387 -0.004 130 10/08/96 28.01 29.873 2409 405
388 -0.004 140 10/08/96 28.28 29.873 2409 401
389 -0.004 150 10/08/96 28.20 29.873 2410 402
390 -0.004 160 10/08/96 28.09 29.822 2411 404
391 -0.004 155 10/08/96 28.17 29.822 2408 401
393 0 155 10/08/96 28.02 29.783 2409 411
394 0 155 10/08/96 28.08 29.783 2409 412
Table C.7: Controller optimization runs for harmonic 3 using -0.005 and -55' as gain and
phase, respectively, for harmonic 1 and -0.005 and 170 as gain and phase,
respectively, for harmonic 2 (the given baratron readings are those recorded
manually at stall). The results from these runs are used in figure 5.14.
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4) Active Control
Experiment Description * Date Tamb at stall Pab at stall rpm at Thesis Figure
Number (oC) (in. Hg) stall Number
402 [1] 10/09/96 24.77 29.696 2405 5.15, 5.16 to
5.20, 5.32
403 [1], HPF off 10/09/96 24.55 29.702 2409 -
404 [1][2] 10/09/96 24.60 29.712 2408 5.15, 5.21 to
5.25, 5.32
405 [1][2], HPF off 10/09/96 24.60 29.717 2407
406 [1][2][3] 10/09/96 24.90 29.729 2412 5.15, 5.26 to
5.30, 5.31,5.32
407 [1][2][3], HPF off 10/09/96 24.60 29.735 2411 5.32
408 mean blowing 10/09/96 24.82 29.737 2409 5.1, 5.7 to
5.11, 5.15,5.32
409 no blowing 10/09/96 25.20 29.747 2405
410 [1] 10/09/96 23.17 29.753 2411
411 [1], HPF off 10/09/96 25.00 29.762 2411 -
412 [1][2] 10/09/96 25.50 29.770 2412 5.15, 5.21 to
5.25, 5.32
413 [1][2], HPF off 10/09/96 25.83 29.777 2410 -
414 [1][2][3] 10/09/96 26.05 29.784 2413 -
415 [1][2][3], HPF off 10/09/96 26.18 29.787 2414 -
416 mean blowing 10/09/96 26.31 29.791 2412 -
417 no blowing 10/09/96 26.35 29.796 2411 5.1, 5.2 to 5.6,
5.15, 5.32
Table C.8: Reference runs and active control runs with injectors in original direction and
controller gains of [-0.005, -0.005, -0.004] and phases of [-55',170',160'] for
harmonics 1,2 and 3, respectively. (*: [harmonic # controlled], HPF off (shut off
high pass filter prior to stall))
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Experiment Description * Date Tamb at stall Pamb at stall rpm at Thesis Figure
Number (oC) (in. Hg) stall Number
442 [1] 10/17/96 27.35 29.984 2405 5.34, D.45 to D.49
443 [1][2] 10/17/96 27.16 29.988 2406 5.34, D.50 to D.54
444 [1][2][3] 10/17/96 27.00 29.996 2407 5.34, D.55 to D.59
445 mean blowing 10/17/96 26.93 30.004 2408 5.34
446 no blowing 10/17/96 26.84 30.008 2407 5.34
447 [1] 10/17/96 26.79 30.014 2407 -
448 [1][2] 10/17/96 26.33 30.021 2407
449 [1][2][3] 10/17/96 26.27 30.032 2410
450 mean blowing 10/17/96 25.89 30.037 2407
451 no blowing 10/17/96 25.58 30.047 2408
Table C.9: Reference runs and active control runs with injectors turned 18.2' clockwise and
controller gains of [-0.005, -0.0034, -0.004] and phases of [-55o, - 170',170o] for
harmonics 1,2 and 3, respectively. (*: [harmonic # controlled])
Experiment Description * Date Tab at stall Pab at stall rpm at Thesis Figure
Number (oC) (in. Hg) stall Number
475 [1] 10/30/96 26.86 29.554 2399 5.36, D.60 to D.64
476 [1][2] 10/30/96 26.82 29.575 2404 5.36, D.65 to D.69
477 [1][2][3] 10/30/96 26.91 29.580 2403 5.36, D.70 to D.74
478 mean blowing 10/30/96 26.70 29.578 2405 5.36
479 no blowing 10/30/96 26.79 29.578 2403 5.36
480 [1] 10/30/96 26.81 29.576 2404 -
481 [1][2] 10/30/96 26.89 29.580 2405 -
482 [1][2][3] 10/30/96 26.76 29.580 2404 -
483 mean blowing 10/30/96 26.36 29.584 2406 -
484 no blowing 10/30/96 26.47 29.585 2405 -
Table C. 10: Reference runs and active control runs with injectors turned 21.80 counter clock-
wise and controller gains of [-0.005, -0.005, -0.004] and phases of [-550, -1500,
-1800] for harmonics 1,2 and 3, respectively. (*: [harmonic # controlled])
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Appendix D: Additional Results
This appendix presents the auxiliary results not shown in the main chapters of the
thesis. First, the measured and fitted transfer functions of the compression system used to
obtain the root locus plots in chapter 4 are presented in figures D. 1 through D.44. These are
followed by the transient data plots, i.e. hot-wire traces, SFC and PSD, for active control in
the cases where the injectors were turned clockwise (figures D.45 to D.59) and counter
clockwise (figures D.60 to D.74).
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Figure D.2: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying throttle root locus) with Od = 0.4878
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Figure D.4: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying throttle root locus) with Od = 0.4713
203
100
-80 -60 -40 -20 0
Frequency (Hz)
20 40 60
Frequency (Hz)
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
Figure D.5: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying throttle root locus) with bd = 0.4802
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Figure D.7: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying throttle root locus) with qd = 0.4662
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Figure D.9: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with bd = 0.4734
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Figure D.10: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with qd = 0.4666
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Figure D.12: Open-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with qd = 0.4511
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Figure D.14: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying throttle root locus) with Od = 0.4749
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Figure D.16: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying throttle root locus) with cd = 0.4540
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Figure D.17: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying throttle root locus) with qd = 0.4678
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Figure D.18: Closed-loop transfer function (solid line) and fit (dashed line) for harmonic 2
(varying throttle root locus) with 4d = 0.4586
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Figure D.19: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying throttle root locus) with bd = 0.4518
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Figure D.20: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying throttle root locus) with Od = 0.4492
219
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
0 Ev
-100
Gains = [-0.004,-0.005;-0.005]
Phases = [-50',-1300,-1800]
\ d 
= 0.4492
.. . . .
.
.
.... ... .. . ...
'* I I I
3 -40 -20 0
Frequency (Hz)
20 40 60 80
-80 -60 -40 -20 0
Frequency (Hz)
-80 -60 -40 -20 0
Frequency (Hz)
20 40 60 80 100
20 40 60 80 100
Figure D.21: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with qd = 0.4589
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Figure D.22: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with bd = 0.4605
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Figure D.23: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with $d = 0.4547
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Figure D.24: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying throttle root locus) with qd = 0.4494
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Figure D.25: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying gain root locus) with 1st harmonic gain = -0.001
224
200
100
-200-
-100
0"V
-100
S 10
0-
z0
-10-
-20
-100
200
100 -
I-
-v 0
-100-
-200
-100
1
0.8 .....
8 0.6 .....
0 0.4 .....U
0.2 .....
0
-100
Figure D.26:
Frequency (Hz)
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
1000
Frequency (Hz)
Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying gain root locus) with 1 st harmonic gain = -0.002
225
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
Frequency (Hz)
0 I ,, . - V I I I
-100 -80 -60 -40 -20 0 20
Frequency (Hz)
Figure D.27:
40 60 80 100
Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying gain root locus) with 1st harmonic gain = -0.003
226
Gains = [-0.003,-0.000;0.000]
Phases = [-50 ,-1350, 00]
Pd = 0.4737
. . .. . . . ....... . .
. .: .. . . .
-100
n
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
Frequency (Hz)
1000
Frequency (Hz)
Figure D.28: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying gain root locus) with 1 t harmonic gain = -0.004
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Figure D.30: Closed-loop transfer function (solid line) and fit (dashed line)
harmonic 2 (varying gain root locus) with 2nd harmonic gain = -0.001
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Figure D.32: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying gain root locus) with 2nd harmonic gain = -0.003
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Figure D.33: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying gain root locus) with 2nd harmonic gain = -0.004
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Figure D.34: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying gain root locus) with 2nd harmonic gain = -0.005
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Figure D.35: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying phase root locus) with 1st harmonic phase = -30'
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Figure D.36: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 1 (varying phase root locus) with 1st harmonic phase = -55 deg
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Figure D.38: Closed-loop
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transfer function (solid line) and fit (dashed line) for
(varying phase root locus) with 1st harmonic phase = -120'
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Figure D.39: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying phase root locus) with 2nd harmonic phase = -100'
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Figure D.41: Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 2 (varying phase root locus) with 2nd harmonic phase = 1700
240
Gains = [-0.005,-0.005,0.000]
Phases = [-550,1700, 00
d = 0.4682
. . . . . . . . . . . . . . . . . . . .. . . .
. . . . . . . . .. . . . . . . . . . .
. . . . . .. . . . . . . . . . . o . .
"-. . . . . . . . . . . . . . . . . . . . . . . .. ..". 
. .
.... . . . .. . . . .... 
. . . . . . . .... . . . . .
"""""" N
I I
-20 L
-100
-100
-100
. . . . . . .. . . . . . . .
.. j ... ~.....
0 20 40 60
Frequency (Hz)
-200' 1 I I I I I
-100 -80 -60 -40 -20 0 20 40 60
Frequency (Hz)
100
80 100
0.2 - -
0
-100
Figure D.42:
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
Closed-loop
harmonic 3
transfer function (solid line) and fit (dashed line) for
(varying phase root locus) with 3rd harmonic phase = -40'
241
Frequency (Hz)
200
100
0
-100
-200'
-100
1
0.8 -
8 0.6-
o 0.4 . .
0.2 ..
0
-100
Figure D.43:
I I
3 40 60
-80 -60 -40 -20 0 20 40 60
Frequency (Hz)
100
80 100
Frequency (Hz)
Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying phase root locus) with 3 rd harmonic phase = 00
242
-80 -60 -40 -20 0 20 40 60 80
Frequency (Hz)
100
Frequency (Hz)
0 "L
-100
Figure D.44:
-80 -60 -40 -20 0 20 40 60 80 100
Frequency (Hz)
Closed-loop transfer function (solid line) and fit (dashed line) for
harmonic 3 (varying phase root locus) with 3rd harmonic phase = 1600
243
.I..\.
/ .... \
[lilll
ITIIV~1I JI
Gains =[-0.005,-0.005 -0.004]
Phases = [-55,1700,160
d = 0.4633
.... ........... .. . ... .......
.. ..
........ ........ ...
..........
"~_~" "-10"
-20
-100
2.5 I
2241 .5 ........ ... ................... . . .
10,0.5 -
0 I
-20 -15 -10 -5 0
Time [rotor revs]
Figure D.45: Hot-wire traces of rotating stall inception flow field
(1st harmonic control, injectors turned 18.2' CW)
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Figure D.46: Stall inception flow field SFC
(1 st harmonic control, injectors turned 18.20 CW)
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Figure D.47: PSD of spatial harmonic 1 at first rotor
(1st harmonic control, injectors turned 18.20 CW)
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Figure D.48: PSD of spatial harmonic 2 at first rotor
(1st harmonic control, injectors turned 18.20 CW)
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Figure D.49: PSD of spatial harmonic 3 at first rotor
(1st harmonic control, injectors turned 18.2o CW)
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Figure D.50: Hot-wire traces of rotating stall inception flow field
(1st and 2nd harmonic control, injectors turned 18.2' CW)
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Figure D.51: Stall inception flow field SFC
(lt and 2 nd harmonic control, injectors turned 18.20 CW)
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Figure D.52: PSD of spatial harmonic 1 at first rotor
(1st and 2nd harmonic control, injectors turned 18.20 CW)
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Figure D.53: PSD of spatial harmonic 2 at first rotor
(1 st and 2nd harmonic control, injectors turned 18.20 CW)
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Figure D.54: PSD of spatial harmonic 3 at first rotor
(1 st and 2nd harmonic control, injectors turned 18.20 CW)
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Figure D.55: Hot-wire traces of rotating stall inception flow field(1s, 2nd ad 3rd harmonic control, injectors turned 18.20 CW)
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Figure D.56: Stall inception flow field SFC
(1st, 2nd and 3 rd harmonic control, injectors turned 18.20 CW)
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Figure D.57: PSD of spatial harmonic 1 at first rotor
( 1st, 2nd and 3rd harmonic control, injectors turned 18.20 CW)
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Figure D.58: PSD of spatial harmonic 2 at first rotor
(1st, 2nd and 3rd harmonic control, injectors turned 18.2o CW)
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Figure D.59: PSD of spatial harmonic 3 at first rotor
(1st, 2 nd and 3 rd harmonic control, injectors turned 18.20 CW)
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Figure D.60: Hot-wire traces of rotating stall inception flow field
(1 st harmonic control, injectors turned 21.80 CCW)
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Figure D.61: Stall inception flow field SFC
(1st harmonic control, injectors turned 21.8' CCW)
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Figure D.62: PSD of spatial harmonic 1 at first rotor
(1 st harmonic control, injectors turned 21.80 CCW)
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Figure D.63: PSD of spatial harmonic 2 at first rotor
(1st harmonic control, injectors turned 21.80 CCW)
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Figure D.64: PSD of spatial harmonic 3 at first rotor
(1st harmonic control, injectors turned 21.80 CCW)
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Figure D.65: Hot-wire traces of rotating stall inception flow field
(1 st and 2nd harmonic control, injectors turned 21.80 CCW)
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Figure D.66: Stall inception flow field SFC
(1st and 2 nd harmonic control, injectors turned 21.8' CCW)
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Figure D.67: PSD of spatial harmonic 1 at first rotor
(1st and 2nd harmonic control, injectors turned 21.8' CCW)
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Figure D.68: PSD of spatial harmonic 2 at first rotor
(lSt and 2"d harmonic control, injectors turned 21.80 CCW)
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Figure D.69: PSD of spatial harmonic 3 at first rotor(1st and 2nd harmonic control, injectors turned 21.80 CCW)
268
.................................... .......r(1~~~~~~~ ~~~ stan.2..aronc.onro,.njctrstune.2.8.CW
...........
2 .5 - ... .. .. .. .. . .. ... .. .. ..
1.5 - . -
-6-
.I
0.5 .
-20 -15 -10 -5 0
Time [rotor revs]
Figure D.70: Hot-wire traces of rotating stall inception flow field
(1 st, 2nd and 3 rd harmonic control, injectors turned 21.80 CCW)
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Figure D.71: Stall inception flow field SFC
(1 st, 2 nd and 3 rd harmonic control, injectors turned 21.80 CCW)
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Figure D.72: PSD of spatial harmonic 1 at first rotor(1 s"' 2 nd and 3 rd harmonic control, injectors turned 21..8 CCW)
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Figure D.73: PSD of spatial harmonic 2 at first rotor
(1st, 2 nd and 3rd harmonic control, injectors turned 21.8' CCW
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Figure D.74: PSD of spatial harmonic 3 at first rotor
(1st, 2nd and 3rd harmonic control, injectors turned 21.80 CCW)
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